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THE DETERMINATION OF OCEAN CORRELATION SCALES USING
ARGO FLOAT DATA
by Lorna M. McLean
The scales over which ocean properties vary play a critical role in the assimilation of
ocean data. Previous studies do not explore these scales in great detail and pre-Argo
observations limited investigations to the upper ocean (<500m). In this study Argo
data have been used to develop a method of estimating the correlation scales of salinity
on depth and potential temperature surfaces to depths of 1600m. Zonal and meridional
scales of mean eld salinity and salinity anomalies are examined in the Pacic and
Atlantic.
Correlation scales are calculated by the tting of a Gaussian function to the dierences
in salinity between observation pairs that satisfy given spatial and temporal separation
requirements. The intercept and scale that result in the best t are taken to be the
optimum values for the region. The signicance of the correlation scale is tested by the
calculation of the F-ratio.
Comparisons of the scales show mean eld scales to be larger than anomaly eld scales.
Scales are found to be anisotropic in all cases but anomaly eld scales dier in size
and pattern between the Pacic and Atlantic. Correlation scales exhibit dependence
on latitude and depth with longer scales observed in the tropics and in general, scales
shorten with depth down to 800m and then increase below this. Comparing scales of
S(z) with those of S() indicates there is no signicant dierence between z and  scales
in the Pacic. However, salinity dierences on -surfaces are lower than on z, linked to
the heaving of water masses and the vertical gradient of salinity. Atlantic scales of S()
prove to be signicantly larger than those of S(z).
Recommendations are made for the use of these correlation scales in assimilation models.Contents
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Introduction
1.1 Motivation
The issue of climate change is becoming an increasingly important topic for research.
Since 1961 observations have shown that the global ocean's average temperature has
increased down to depths of at least 3000m and it has been absorbing over 80% of the
heat in the climate system (IPCC, 2007). The transport of heat by the circulation of the
oceans has a crucial impact on the global climate. Transporting approximately 1PW
(1015 Watts) of heat north in the Atlantic basin, the Meridional Overturning Circu-
lation (MOC) is the dominant mechanism for the transport of heat in the North At-
lantic (Stocker et al., 2001). Moreover, the Intergovernmental Panel on Climate Change
(IPCC) released its 4th report in February 2007 stating that current model simulations
suggest that under present conditions the MOC is `very likely' (>90% chance) to slow
down during the 21st century, with the model average indicating a 25% slowing. Studies
of past climate change indicate that changes in the MOC play an important role in
rapid and large changes in climate. This is the stimulus for the Natural Environmental
Research Council (NERC) Rapid Climate Change programme (RAPID, 2006). The aim
of RAPID is to investigate causes of rapid climate change and the role of the MOC in
this change. The work carried out in the RAPID project will enhance the ability to
monitor and predict rapid climate change with particular focus on the North Atlantic.
To achieve this, work is being done to improve observations of the global ocean and also
to improve the accuracy of forecast models using observations and paleo-climate data.
12 Introduction
The RAPID program funds a number of projects to gather data for monitoring the
MOC. It is through the combination of these projects with the many international
observational programs, such as Argo, WOCE (World Ocean Circulation Experiment),
Topex and Jason, that our knowledge of basin scale ocean structure is greatly increasing.
Observations can help to improve forecasts of future climate by the assimilation of these
data into ocean and climate models.
At the Earth Systems Science Centre (ESSC) at The University of Reading, assimilation
methods have been developed to allow water mass volumes to be correctly analysed and
methods for the assimilation of salinity improved (Haines et al., 2006). These new meth-
ods are employed in the high-resolution ocean model NEMO (New European Model) to
produce a high-resolution ocean reanalysis. This model can be used to determine how
well the Atlantic MOC, meridional heat transport and water transformation budgets in
the ocean are constrained by the assimilation of data from various sources.
An important aspect of the assimilation process are the correlation scales adopted to
determine the weighting attributed to observations used to update and constrain the
model. In the simplest case a single correlation scale is used throughout the global
ocean. However, the need for some variability in correlation scales has been recognised
by the collaborators at ESSC. They currently employ scales that vary with latitude but
remain constant with longitude and depth (based on Carton et al. (2000) but the depth
dependence is neglected). Other investigations have suggested that scales are depth
dependent and vary between basins. Recent studies have also indicated that assimilation
on potential temperature surfaces may be benecial as the scales on these surfaces
are larger allowing more observations to have a greater weight in models. In order
to underpin advances in the assimilation method a comprehensive investigation into
correlation scales is required to determine the most appropriate scales for assimilation
and this is the purpose of this thesis.
1.2 Aims and objectives of this study
The main aim of this study is to assist in the development of assimilation methods
by taking advantage of the growing data set from the Argo array. An important part
of data assimilation is to understand the scales over which ocean properties vary, byIntroduction 3
estimating correlation scales. In this research, observations from the Argo dataset are
used to calculate correlation scales so that the appropriate weighting can be applied to
observations when assimilating them into a model to improve its forecasting capabilities.
There are a number of objectives of this thesis. Firstly, a new method of calculating
correlation scales of both mean eld and anomaly eld data is presented along with a
method of assessing how well determined the scales are. Secondly, the regional variability
of correlation scales, how they vary with both latitude and longitude, is determined as
well as changes with depth. Finally, the possibility that examining data on potential
temperature surfaces rather than depths could yield larger correlation scales is explored.
A brief background to some key assimilation studies is given in the next section (1.3)
followed by a discussion of previous studies on ocean correlation scales in Section 1.4.
Section 1.5 presents a short description of the circulation and structure of the two ocean
basins that will be the focus of this thesis. Finally, the content of the rest of this
document is briey outlined in Section 1.6.
1.3 Data assimilation
The development of observation networks such as the Argo array (described in Chapter
2) has created an opportunity to test and improve sophisticated ocean models with
extensive information about global ocean water mass distributions. By assimilating
variables such as temperature and salinity measured by Argo into ocean models, upper
ocean density may be reproduced and geostrophically controlled ocean circulation can
be derived. Many studies have been carried out to explore ways of improving data
assimilation techniques. Most of these studies particularly focus on the calculation of
salinity elds and the assimilation of salinity observations themselves. This is due to
the importance of salinity in calculating density elds and determining ocean currents
and transports. In this section some recent studies that are relevant to the aims of this
research are discussed.
Cooper and Haines (1996) described a simple method for assimilating surface data from
altimeters into an ocean Global Circulation Model (GCM) in which the volume, temper-
ature and salinity characteristics of water masses not directly measured by altimetry are
unchanged. This is to reect the long time-scales necessary to modify water properties4 Introduction
in the deep ocean. This is also in keeping with the principle suggested in Haines (1994)
that properties should only be changed if there is experimental evidence to support the
change. Similarly, assimilation methods discussed in Troccoli and Haines (1999) are con-
cerned with the conservation of the temperature-salinity (T-S) relation. Assimilations
using the variance of salinity on depth levels (S(z)) and on isothermal surfaces (S(T))
over various time-scales for a number of sites in the western Pacic are compared. It
was found that the root mean squared (rms) variance for S(z) in each case is larger
than that of S(T). Therefore, they suggested that the assimilation of S(T) is preferable.
It was also found that the use of temperature and salinity elds from recent data is
more eective than using climatological datasets. Ricci et al. (2005) incorporated the
method proposed by Troccoli and Haines (1999) into a three-dimensional variational
assimilation (3DVAR) system. The application of the new method not only eectively
reconstructs a density prole using only temperature observations from that prole, but
also improves the salinity mean state. When compared with salinity observations the
model including the T-S constraint also displays a better t to these observations than
the original conguration of the model.
Haines et al. (2006) demonstrated the value of analysing salinity on constant temperature
surfaces, S(T), in comparison with analysing on depth levels, S(z). The examination
of the Bermuda time series (a long term study by the Bermuda Institute of Ocean
Sciences which provides monthly hydrographic, biological and chemical measurements
from sites within the Sargasso Sea) and modeled data indicates that the horizontal spatial
covariance of S(T) often has larger scales than S(z). The ability to use longer length
scales for assimilation is a clear benet as it allows the up-weighting of more salinity data
leading to better use of salinity observations in areas where they are sparse. Haines et al.
(2006) therefore, presented a new algorithm for assimilating salinity data onto isotherms.
The evaluation of S(T) rather than S(z) removes large dynamical variability allowing
water mass errors to be assessed more accurately and spreading S(T) increments along
isotherms ensures that corrections are not applied to adjacent water masses, the errors
of which may be uncorrelated.
Smith and Haines (2009) presented a set of 3-year assimilation experiments with the
1 resolution global NEMO ocean model designed to evaluate the S(T) assimilation
method. It was found that the assimilation of salinity on isotherms produces a signicant
improvement in water mass properties when compared with conventional depth levelIntroduction 5
assimilation. Experiments were also run to assess the value of assimilating data from
the Argo oat array and it was demonstrated that by the inclusion of Argo data a
signicant reduction in model error for both salinity and temperature in the top 2000m
is achieved. This was found to be the case in most regions but most signicantly in
regions such as the Indian Ocean and the South Atlantic where observations are more
sparse. The assimilation method implemented in Smith and Haines (2009) uses the same
covariance length scales for assimilating salinity on both depth and temperature levels.
However, it was noted in the study that longer scales could be used when assimilating
along isotherms and so further improvements to the method could be possible.
1.4 Correlation scales
As indicated in the previous section an important part of data assimilation is under-
standing the scales over which ocean properties vary, referred to in this thesis as the
correlation scales. The scales describe the range of the spatial dependence of an obser-
vation and are often known as decorrelation length scales as they indicate the distance
at which the correlation of neighboring points is reduced to a specied value. The scales
are therefore determined by the rate of growth of the dierence between observations
from the near eld to the far eld. Some studies dene these scales by the distance at
which an autocorrelation function applied to the data crosses the zero line (White and
Bernstein, 1979; White et al., 1982; Sprintall and Meyers, 1991). This thesis follows a
denition similar to that of Boehme and Send (2005) and Carton et al. (2000) where
a least squares t of a function was used. The scale that results in the best t of this
function to the data is the distance at which the dierence between observations is ap-
proximately half way between that of the near eld and the far eld. The estimation and
use of these scales varies throughout the community. The rest of this section provides a
brief discussion of some of the previous studies concerning correlation scales.
White and Bernstein (1979) used historical XBT (eXpendable BathyThermograph) data
and XBT data collected specically for the study to estimate correlation scales of temper-
ature residuals (relative to a mean monthly climatology) in the North Pacic in order to
design an appropriate sampling density for an optimum oceanographic network. Scales
were examined both at the surface and at 200m and found to be depth dependent. Anal-
ysis of the historical XBT data indicated meridional scales of 15 latitude at the surface6 Introduction
reducing to 5   10 of latitude at depth. Similarly zonal scales decreased from 30 of
longitude at the surface to 20 at depth. Analysis of the XBT data collected for the
study by ships of opportunity indicated variability of correlation scale with region. In
the eastern part of the study area the zonal scale does not change with depth. However,
in the west the zonal scales at depth are considerably shorter than the scales at the
surface. It was suggested that this is due to the domination of the mesoscale baroclinic
structure in the western mid latitude North Pacic causing strong variation in the depth
of the thermocline. Eastern regions exhibit less baroclinic eddy activity and so scales
are more constant with depth.
White et al. (1982) analysed temperature anomalies (calculated relative to a mean eld
constructed from historical data) in the western North Pacic to assess the short-term
climate related variability. The area was split into two regions (tropics, 5 to 17:5N and
subtropics, 17:5 to 30N) and covariance models of both rst-order and second-order
autoregressive (AR) processes were tted to covariances of upper ocean temperature in
each. The decorrelation scales were found to dier greatly between the two regions.
Subsurface (200m) scales are estimated to be 3 latitude, 3 longitude in the subtropics
and 6 latitude, 10 longitude in the tropics. This indicates a latitude dependence
considered to be due to short-term climate variability.
The covariance function used by Sprintall and Meyers (1991) is represented by a Gaussian
function that decreases with the square of decreasing lag. Estimates were made of
temperature anomaly length scales in the eastern Pacic Ocean for the upper 400m and
the results indicated a decrease in scale with depth through the thermocline. Scales
were also found to dier according to their latitudinal position. The decrease in scale
towards the north of the region was said to be a likely response to the changes in the
equatorial current system associated with ENSO (El Ni~ no/Southern Oscillation) events.
Despite these variations, for the purpose of the optimal XBT sampling network being
developed it was recommended that one set of scales (3 latitude and 15 longitude) be
used for the whole region throughout the upper 400m. Likewise, White (1995) used a
uniform set of correlation scales in the design of a global observing system for upper
ocean variability based upon the method described by White et al. (1982).
Festa and Molinari (1992) estimated correlation scales in the Atlantic Ocean in or-
der to evaluate the WOCE (World Ocean Circulation Experiment) volunteer observingIntroduction 7
ship-XBT network. This study found the dominant correlation scales of temperature
anomalies on z-levels (depth) in the upper 400m to be isotropic (equal in longitude and
latitude, i.e. 4 latitude and 4 longitude). This is in contrast to studies of tempera-
ture anomalies on z-levels in the Pacic Ocean which suggest that scales in this basin
are anisotropic (meridional and zonal scales are unequal) (White and Bernstein, 1979;
White et al., 1982; Sprintall and Meyers, 1991). As in these studies, Festa and Molinari
(1992) also highlighted a decrease in correlation scale with depth.
More recently as part of a review of the assimilating method used in the Simple Ocean
Data Assimilation (SODA) package Carton et al. (2000) presented a set of equations to
estimate the zonal and meridional scales for temperature anomaly data down to a depth
of 444m. The equations (Eq. 1.1 and Eq. 1.2) allow scales to vary with both latitude
and depth.
Cx =

450 +
375   450
50 jj

1200   z (1   fjj=50g)
1200

km (1.1)
Cy =

250 +
375   250
50 jj

1200   z (1   fjj=50g)
1200

km (1.2)
where z is depth and  is the latitude. These functions result in scales which are
symmetrical about the Equator with zonal scales ranging from 450km at the Equator
to 375km at mid-latitudes and meridional scales ranging from 250km at the Equator to
375km at mid-latitudes. Carton et al. (2000) did not present any evaluation of these
scales. However, they are implemented in assimilation packages such as SODA and in the
assimilation model used by Smith and Haines (2009) although Smith and Haines (2009)
did not include the depth dependence of the correlation scales (i.e. z=0 in Equations
1.1 and 1.2) in their model (Haines, K. 2010, personal communication).
Boehme and Send (2005) used an objective mapping technique to carry out an analysis
of the use of hydrographic data for the referencing and quality control of Argo oat
salinities in highly variable environments. The technique takes into account spatial
and temporal variations in water mass properties and a method of calculating spatial
scales is presented. A normalised autocorrelation function, the distribution of which is
approximately Gaussian, was used and yielded a mean eld (time-independent) scale8 Introduction
of approximately 1000km in the North Atlantic. This is required for the rst stage
of the objective mapping. For the salinity anomaly eld (residuals obtained from the
rst mapping stage) a scale of 100km was calculated. The objective mapping technique
utilising these scales was tested on a number of oats and results in a set of calibrated
salinity data with corresponding uncertainties.
Correlation scales are an important part of the delayed mode quality control of Argo
oat data. The Argo group use two sets of scales for the global ocean with adjustments
made for coastal regions and high latitudes. The scales that are used are a pair of large
scales (8 longitude and 4 latitude) and a pair of smaller scales (4 longitude and 2
latitude) (Wong and King, 2005). The larger scales are used to make a rst pass of
the data, producing a mean eld estimate which does not take into account small-scale
features or temporal variability. A second pass of the data is then made using the smaller
scales to resolve small-scale features and give a higher weighting to data with a shorter
temporal separation.
1.5 Structure and features of the regions to be examined
In this study a comparison of correlation scales for two ocean basins, the Pacic and
the Atlantic, is carried out. In this section the mean eld temperature and salinity
structure and large-scale circulation systems of the two ocean basins are described as
well as dynamical features that contribute to the anomaly elds. It is important to
understand such features so that the correlation scales achieved and the dierences
between the basins may be understood.
1.5.1 The mean eld
1.5.1.1 Pacic Ocean
The Pacic Ocean is the largest and deepest of the oceans. In this study it is dened as
the region from 50 North to 50 South and 120 East to 80 West.
The surface circulation in the tropical and subtropical Pacic is made up of three main
features, a clockwise gyre in the North Pacic, an anticlockwise gyre in the South PacicIntroduction 9
and an equatorial current system in between. A diagram of these currents can be seen
in Figure 1.1. The current system in the equatorial Pacic is driven mainly by the trade
winds and is therefore not symmetrical about the Equator (Reddy, 2001). The system
consists of ve major currents, four at the surface and one below. On the surface are
the North Equatorial Current and the South Equatorial Current owing east to west
between 8N and 20N and 10S and 3N respectively. Flowing west to east are the North
Equatorial Counter Current (3N to 10N) and the South Equatorial Counter Current
(10S and 12S). In contrast to the strong northern counter current the South Equatorial
Counter Current is very weak and during most months the current is essentially absent
in the eastern basin. Below the surface between 50 and 250m depth lies the Equatorial
Undercurrent owing east between 2S and 2N. The strength and position of all these
currents vary seasonally to some extent.
The circulation in the North Pacic is dominated by the large clockwise gyre that spans
the area between 5N and 45N. Its southern edge is the North Equatorial Current and its
northern extent is bound by the North Pacic Current. The currents forming the western
and eastern margins of the gyre are the Kurushio Extension and California Current
respectively. The North Pacic Current also branches o to the north to form a cyclonic
gyre over the Gulf of Alaska, the Bering Sea and the Sea of Okhotsk. South of the
Equator the South Equatorial Current forms the northern edge of the large anticlockwise
gyre, the southern limit of which is the Antarctic Circumpolar Current owing east at
40S. The East Australia Current forms the western boundary of the gyre whilst the
eastern edge is bound by the Peru Current. The upwelling within this coastal current is
an important feature and is associated with El Ni~ no events.
The circulation of the Pacic at depth is slow due to its homogeneous nature. As there
is no deep water formation in the Pacic, water must ow in from other oceans. Figure
1.2 shows a diagram indicating some of the water masses found in the Pacic Ocean.
Below 2500m the Pacic Deep and Bottom Water can be seen entering into the basin
between New Zealand and Antarctica. It is characterised by very uniform properties
(Pickard, 1982). Likewise the Pacic Equatorial Water mass between 100 and 800m has
a very uniform T-S relationship across the whole basin. The North Pacic Intermediate
Water found north of approximately 20N is at its deepest in the west at 800m and is a
salinity minimum. These are just examples of the water masses present in the Pacic.10 Introduction
Figure 1.1: Surface currents of the Pacic Ocean taken from Tomczak and Godfrey
(2003c).
Figure 1.2: A diagram indicating the location of water masses in the Pacic Ocean
on a south to north vertical salinity section at 160W taken from Pickard (1982)Introduction 11
There is a peak in surface salinity in the Pacic at the tropics whilst higher latitudes
display lower values and a minimum is found in the equatorial regions. Surface salinity
in the North Pacic is less than in the South Pacic due to greater precipitation and run
o. Areas of low salinity associated with precipitation patterns are also found o the
South and Central American coast and the northern edge of the basin (Tchernia, 1980b).
Temperatures are at a maximum at the Equator although there is a minimum in the east
along the Equator due to upwelling of cold deeper waters. Deep water properties are
characteristically uniform due to the lack of deep water formation with a temperature
range below 2000m of just 1:1C and a salinity range of 0.1 (Pickard, 1982). Figure 1.3
shows a meridional salinity section and Figure 1.4 a potential temperature section of the
mid Pacic from the WOCE Atlas.
Figure 1.3: CTD salinity from the WOCE P16 Pacic section taken from the WOCE
Pacic Ocean Atlas (Talley, 2007).12 Introduction
Figure 1.4: CTD potential temperature from the WOCE P16 Pacic section taken
from the WOCE Pacic Ocean Atlas (Talley, 2007).
1.5.1.2 Atlantic Ocean
The Atlantic Ocean, especially its northern part, is the best explored of the global
oceans. In this study it is dened as the area covering 50 North to 50 South and 75
West to 25 East.
The surface circulation in the tropical and subtropical Atlantic, like the Pacic Ocean,
consists of two gyres (clockwise in the North Atlantic and anticlockwise in the South
Atlantic) separated just north of the Equator by an equatorial counter current. As in
the Pacic there is a system of equatorial currents which, in addition to the Equatorial
Counter Current (owing east), consists of the North and South Equatorial Currents
(owing west) and the eastward owing Equatorial Undercurrent.Introduction 13
The South Equatorial Current (20S to 4N) creates the northern boundary of the
anticyclonic gyre in the South Atlantic with the Antarctic Circumpolar Current at 35
to 40S forming the southern boundary (Reddy, 2001). To the east the Benguela Current
ows north along the South African coast and the gyre is closed on the western side by the
southward owing Brazil Current. In the North Atlantic the North Equatorial Current
(5N to 25N) and the North Atlantic Current ( 40N) are the zonal components of
the anticyclonic gyre owing westward and eastward respectively. To the west the main
northward owing currents that form the gyre are the Florida Current and the Gulf
Stream. The eastern boundary is formed by the Canary Current along the west coast
of Spain, Portugal and North Africa. North of 40 latitude there is also a cyclonic gyre
which encompasses the Norwegian and Greenland seas (Tchernia, 1980a). Figure 1.5
depicts the surface currents of the Atlantic Ocean.
Deep water circulation in the Atlantic is dominated by the sinking of waters in the
northern North Atlantic and Weddell Sea causing the slow spreading of water masses
through the basin. The oceanic circulation as a whole depends upon these two source
regions of deep water (Reddy, 2001). Figure 1.6 shows a south - north vertical section
of salinity in the western basin of the Atlantic indicating the three key water masses
in this basin. North Atlantic Deep Water forms in the Norwegian Sea and ows out
over the sills between Scotland, Iceland and Greenland. It sinks to a depth of 2000 to
3000m and spreads south. Above this in the Southern Hemisphere, centred on 1000m
depth and owing north to approximately 25N, is a tongue of low temperature and low
salinity water referred to as Antarctic Intermediate Water. Below both these layers and
owing north along the bottom as far north as 45 latitude is the low salinity Antarctic
Bottom Water (Pickard, 1982).
The highest sea surface salinities found in the Atlantic Ocean are in the region of the
Canary and North Equatorial Currents (Tomczak and Godfrey, 2003b). Salinity values
reach a maximum of approximately 37.25 and a minimum at the Equator of between
34 and 35. However, values as low as 20 to 30 have been observed around the mouths
of rivers such as the Amazon and Niger (Tchernia, 1980a). Maximum sea surface tem-
perature values in the Atlantic are 2C lower than in the Pacic. Temperatures peak
just north of the Equator with values greater than 27C (Tomczak and Godfrey, 2003b).
Minimum temperatures are found towards the polar regions, but also in areas of strong
upwelling such as along the Southern African coast relatively cooler waters are observed.14 Introduction
Figure 1.5: Surface currents of the Atlantic Ocean taken from Tomczak and Godfrey
(2003a).Introduction 15
Figure 1.6: A diagram indicating the location of water masses in the Atlantic Ocean
on a south to north vertical salinity section along the western trough (taken from
Pickard (1982)).
Below 4000m in the Atlantic is the low temperature (0:1C to 4C) and low salinity
(34.67 to 34.9) Bottom Water (Tchernia, 1980a). Over this this lies the `Deep Water'
which is a combination of three water types (Mediterranean Water, deep water of the
Labrador Sea and North Atlantic Deep Water). It spans the depths between 1000 and
4000m and has temperatures ranging from 2:3C to 3:5C and salinity values between
34.9 and 34.98. Above this the Antarctic and Arctic Intermediate Waters and subsurface
waters are observed in which the gradients of temperature and salinity become stronger.
1.5.2 The anomaly eld
Variations in ocean circulation and atmospheric conditions can result in changes to the
mean temperature and salinity elds and cause anomalies in these properties. In this
section some of the main causes of variability in the Pacic are described.
One of the main causes of variability in the oceans are mesoscale eddies. Mesoscale
ocean eddies are rotational currents that deviate from the mean current system, often
propagating from their origin into areas of diering water properties leading to anomalies
in temperature and salinity. Figure 1.7 shows maps of eddy temporal and spatial scales
estimated from satellite (TOPEX/POSEIDON) altimetry data. It can be seen that
eddies are shortest at high latitudes (3 days) and are up to 5 times longer in the16 Introduction
subtropical gyres (15 days). The spatial scales range from 60km at high latitudes to
180km in the tropics (Stammer, 1998).
Figure 1.7: Eddy temporal scales in km (a) and eddy spatial scales in days (b)
estimated from TOPEX/POSEIDON satellite altimetry data. Adapted from Stammer
(1998).
The geographical distribution of eddies in the ocean basins is dependent upon the dis-
tribution of eddy kinetic energy. This energy is abundant throughout the ocean but
is higher is association with strong currents (in particular western boundary currents)
and areas of strong shear ow (Wyrtki et al., 1976). Although eddy energy is highestIntroduction 17
in the Gulf Stream the distribution of eddy energy is generally the same in both the
Pacic and Atlantic basins. In the northern hemisphere high values are found in the
western boundary currents and a belt between the Equator and 10N. Lowest values in
the north are seen in the centres of the gyres. Eddy energy in the southern hemisphere
is also found to be at a minimum in the subtropical gyres. Slightly increased values are
seen in the Antarctic Circumpolar Current and energy is at a maximum in the East
Australia and Brazil Currents. See Figure 1.8 for a map of eddy kinetic energy for the
world oceans.
Eddies are not just surface features but can also be observed at depth. 'Meddies' are
sub-surface eddies found in the North Atlantic. They are formed of warm, salty Mediter-
ranean water (hence their name) and originate close to the continental slope close to
Cape Vincent. Found at depths of 1000-1400m they have a horizontal scale of 100km
and a vertical scale of 400m (Thorpe, 2005).
As well as mesoscale eddies internal waves such as rossby and kelvin waves can alter
temperature and salinity properties and cause anomalies. Rossby waves are large-scale,
westward propagating waves that depend on the local coriolis frequency and its variation
with latitude. First baroclinic mode rossby waves have slow propagation speeds of just
a few cm per second (or few km per day) (Thorpe, 2005). They have periods of 0.5 to
2 years and wavelengths of 500km to thousands of kilometers. Other important waves
to consider are kelvin waves. These are observed propagating along the coast (with the
coast to the left in the southern hemisphere and to the right in the northern hemisphere)
and eastward along the Equator (using the Equator as a boundary). They are referred
to as boundary waves as their amplitude is greatest at the boundary and decreases
exponentially away from it (Pond and Pickard, 1983). They are low-frequency, long
waves with a phase speed faster than that of rossby waves. The typical phase speed of
an equatorial kelvin wave in the thermocline is 3m/s, so it would take just two months
to cross the Pacic (Brown et al., 1989).
Meteorological phenomena such as the El Ni~ no Southern Oscillation and the Madden
Julian Oscillation in the Pacic and the North Atlantic Oscillation also play a part in
the variability of temperature and salinity in the oceans.
The Madden-Julian Oscillation (MJO) is the dominant mode of intraseasonal variabil-
ity in the tropical atmosphere characterised by large-scale precipitation anomalies that18 Introduction
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move eastward from the Indian Ocean into the Pacic. The MJO is thermodynamically
coupled with the upper layers of the ocean causing anomalies in temperature and salinity
in the tropics of the Indian and Pacic Oceans (Matthews et al., 2007). MJO events last
30 to 60 days with an average of 44 days. Each event consists of 8 phases each with
a period of approximately 6 days (Matthews et al., 2010). Figure 1.9 (adapted from
Matthews et al. (2010)) shows maps of Argo temperature and salinity anomalies associ-
ated with phases of the MJO on the 10dbar level. In phase one temperature anomalies
are positive over much of the equatorial Pacic. The surface layer cools through phases
three to seven with negative anomalies spreading from the west and by phase 8 most
of the tropical Pacic shows negative temperature anomalies. However, in the east a
warm pool of strong positive anomalies is observed. The salinity anomalies observed
in the western Pacic are mostly negative in phases one to three and positive through
phases four to seven. This is perhaps contradictory to what would be expected as the
warming and high evaporation in the early phases result in negative salinity anomalies
and the freshening in later phases results in positive anomalies. Matthews et al. (2010)
found that this can be partly explained by horizontal advection. The Madden-Julian
Oscillation does not just aect properties at the surface but also at depth. Matthews
et al. (2007) showed that the MJO forces eastward propagating kelvin waves that extend
down into the deep ocean causing coherent temperature anomalies to extend down to
1500m. The MJO can also play a role in triggering El Ni~ no events.
The El Ni~ no-Southern Oscillation (ENSO) has the largest signal on interannual time
scales. These events occur irregularly between two and seven years (with a mean fre-
quency of four years) and consist of both an atmosphere component (the Southern
Oscillation) and an ocean component (El Ni~ no) (Wells, 1997). An El Ni~ no event in
characterised by a warming of the equatorial waters of the Pacic of 2-3C and this
warming can persist for a number of seasons. In normal conditions cool water upwells
along the western coast of South America creating a tongue of cool water in the east of
the Pacic basin whilst westward blowing trade winds push warm surface waters to the
west of the tropical Pacic. During an El Ni~ no event the trade winds weaken causing
the thermocline to rise in the west and lower in the east. This results in a weakening
of the upwelling of cold waters and allows the warm waters of the west to spread into
the central and eastern Pacic (Philander, 1990). Figure 1.10 illustrates sea surface
temperature anomalies in the tropical Pacic associated with an El Ni~ no event (taken20 Introduction
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from Wells (1997) and the strong warming of waters in the west of the basin is very
clear.
Figure 1.10: Sea surface temperature anomalies (C) in the tropical Pacic Ocean
during an El Ni~ no event in December 1982. Taken from Wells (1997).
In contrast to these conditions, when the trade winds are stronger than normal the
upwelling in the east is intensied causing the cold tongue at the surface to extend
further west along the equator. These conditions are referred to as La Ni~ na and often
thought of as the cold phase of ENSO.
The timing and magnitude of ENSO events can be recorded using the Multivariate ENSO
Index (MEI). The index is based upon the six main variables observed over the Pacic
Ocean: sea level pressure, sea surface temperature, zonal and meridional components
of the surface wind, surface air temperature and cloudiness. A positive index indicates
an El Ni~ no event (the warm ENSO phase) and a negative index indicates a cold ENSO
phase, or La Ni~ na. Figure 1.11 shows the current (to the end of 2010) ENSO index data
with red representing an El Ni~ no phase and blue indicating a La Ni~ na phase.
In the North Atlantic the dominant mode of atmospheric variability is the North Atlantic
Oscillation (NAO) acting on monthly to interannual time scales (and longer). The NAO
refers to the redistribution of atmospheric pressure between the Arctic and subtropical
Atlantic producing changes in the mean wind speed and direction over the Atlantic, the22 Introduction
Figure 1.11: Multivariate ENSO Index (MEI) from Jan 1950 to Dec 2010. Red indi-
cates a warm ENSO phase (EL Ni~ no) blue indicates a cold phase (La Ni~ na). Adapted
from Wolter (2010).
heat and moisture transport between the ocean and surrounding land and the number,
paths and weather of North Atlantic storms (Hurrell et al., 2003). These basin scale
changes in the atmospheric forcing also have a signicant aect on the ocean's properties
and circulation.
The NAO forcing is most active in the winter months. Although a summer signal is
observed it is much weaker. It seems that the NAO does not vary on any preferred time
scale and large changes can occur from one winter to the next, as well as signicant
variability within a particular winter (Hurrell et al., 2003). However, yearly changes in
phase and amplitude of the NAO are unpredictable.
The North Atlantic varies signicantly with the overlying atmosphere and uctuations
in sea surface temperature (SST) are strongly related to the strength of the NAO due
to changes in surface wind and air-sea heat exchanges associated with variations in the
forcing (Visbeck et al., 2003). On interannual timescales the change in air-sea heat
uxes caused by the NAO dominate the SST response. This produces a tri-pole pattern
of SST anomalies which consists of a cold anomaly in the subpolar North Atlantic, a
warm anomaly at mid latitudes centred o Cape Hatteras and a cold subtropical anomaly
between the Equator and 30N.
Changes in the phase of the NAO can also alter the strength of the subpolar gyres
and cause temperature and salinity anomalies to be preferentially dispersed along the
pathway of mean currents (Visbeck et al., 2003). The strength and position of boundary
currents respond to the NAO forcing over long time scales with delays of 0-3 years.Introduction 23
Persistent NAO phases (several winters) produce more complex ocean responses due to
the changes in ocean circulation.
1.6 Summary
The eective assimilation of salinity data is of great importance in ocean-climate mod-
eling as salinity is used to calculate density elds and to determine ocean currents and
transports. In order to produce an accurate assimilation model the scales over which
salinity varies (the correlation scales) need to be determined so that the appropriate
weighting can be applied to observations being assimilated.
Previous studies have touched upon the dependence of correlation scales on depth and
latitude, in general suggesting that scales lengthen towards the tropics and decrease with
depth. These studies have been predominantly concerned with the correlation scales of
temperature anomalies on depth surfaces (T(z)) and only explored in the upper ocean.
Variation of these scales with longitude has not been fully examined. Some regional
dependence is suggested by the nding of isotropic scales in the Atlantic whilst scales in
the Pacic are thought to be anisotropic. However, Carton et al. (2000) discounted any
longitudinal dependence in their method of scale calculation.
The availability of data from the Argo program allows the examination of these correla-
tion scales over greater depths and multiple regions. In this study salinity observations
from Argo are used to answer the following questions about correlation scales of salinity:
 Are correlation scales isotropic or anisotropic?
 Do scales vary with depth?
 Do scales vary with latitude?
 Do scales vary with region?
It was suggested by Haines et al. (2006) and Smith and Haines (2009) that scales of
salinity on potential temperature () surfaces are expected to be longer than those of
depth (z) levels and so benecial to assimilation methods. In this study this suggestion
is explored in detail and comparisons are made to answer the question:24 Introduction
 Are scales of S() larger than those of S(z)?
The focus of this study is the calculation of anomaly eld correlation scales but a set of
mean eld S(z) and S() scales are calculated to verify the notion that mean eld scales
are larger than anomaly eld scales. The depth and latitude dependence of these scales
are also examined.
In the following chapter (Chapter 2) the data sets used in this study are explained and
the method for calculating the correlation scales of both the mean and anomaly elds is
described in Chapter 3. Chapter 4 presents results from the mean eld investigation and
the anomaly eld scales are presented in Chapter 5 along with a comparison of the two
scale sets. Chapter 5 also includes a comparison of scales calculated using the method
developed in this study with scales estimated using the Carton et al. (2000) functions.
In Chapter 6 the results are summarised to answer the key questions posed by this thesis
and recommendations for the use of these correlation scales in assimilation models are
given.Chapter 2
Data
2.1 Introduction
In undertaking the research described in this thesis two data sets have been used, the
Argo data set and the World Ocean Atlas 2005 (WOA05).
Most objective mapping processes use a two stage mapping method. The rst stage of
mapping the data involves the use of large, mean eld scales to create a background
eld from a historical data set or modern observations. The background eld is then
removed from the observations to obtain anomalies for the second stage of mapping the
data which resolves small-scale features. Data assimilation methods generally take the
model state as the background eld for use in the calculation of the anomalies and use
a set of anomaly eld scales to assimilate this data into the model.
In this study the observations used are from the Argo program. The full eld salinity
values from this data set are used to evaluate mean eld correlation scales. For ease,
the calculation of salinity anomalies is done using an existing climatology in this study
rather than creating the background eld from Argo data. Data from the WOA05 data
set are subtracted from Argo salinity observations and correlation scales are calculated
from the resulting anomaly eld.
This chapter discusses the evolution and use of these data sets beginning with the Argo
program in Section 2.2 and WOA05 in Section 2.3.
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2.2 Argo
The rst Argo oats were deployed in the year 1998 and by the end of 2009 over 3200
oats were delivering data. In this section the technical developments from the early
Swallow oats to the instruments used in the Argo program are described (Subsection
2.2.1). The quality control of these data is discussed in Subsection 2.2.2 with a note
about the selection of data for this study .
2.2.1 Development of neutrally buoyant oats and the Argo Program
Neutrally buoyant oats have been used to observe ocean currents since the development
of the Swallow oat in the 1950s (Swallow, 1955, 1957). These oats were tracked using
two hydrophones that were used to determine the oat's azimuth relative to the ship.
It was observations from these oats in 1960 that rst revealed the ocean mesoscale.
Floats separated by just 10km were found to have trajectories of similar velocities but
trajectories of oats with a larger separation displayed more variable velocities (Crease,
1962). It was also found that contrary to the belief that the deep ocean is relatively
quiescent with velocities of just 1cm/s, velocities of 10cm/s were observed at 2000 and
4000m. The ocean mesoscale was the subject of the Mid-Ocean Dynamics Experiment
(MODE) which was designed to investigate mid-ocean mesoscale `eddies'. The exper-
iment involved the use of moored current/temperature sensors, hydrographic surveys
and bottom gauges in addition to newly developed oats. The original Swallow oats
required the use of a ship for tracking and so the duration of experiments was limited
by the cost of facilities. A new oat was therefore developed that could be tracked using
the SOFAR (SOund Fixing And Ranging) channel (Rossby and Webb, 1970). These
oats can be located over long distances using a low-frequency sound source on the oat
tracked by listening stations allowing for continuous observations to be carried out over
months without the necessity and expense of ship-time. Further development led to the
RAFOS (SOFAR reversed) oat which, by reversing the acoustic tracking, could receive
signals from various sound sources (Rossby et al., 1986). This oat was then able to
surface and transmit a log of the signal arrival times via the Argos satellite system.
The rst autonomous oat was developed in the 1980s. The Autonomous Lagrangian
Circulation Explorer (ALACE) no longer needed the acoustic tracking networks, theyData 27
are pre-programmed to cycle from the surface to given depths with the aid of an external
bladder (Davis et al., 1992). The bladder is inated by moving hydraulic uid from an
internal reservoir into the bladder so as to increase the volume and buoyancy of the oat
causing it to rise to the surface where data can be transmitted. The buoyancy is then
decreased by letting the uid ow back into the reservoir from the bladder allowing the
oat to sink back to its pre-programmed depth. ALACE oats were rst deployed in
1988 and were used as part of the World Ocean Circulation Experiment (WOCE) in
the Drake Passage in 1990. The lithium batteries in these oats allowed them to make
approximately 100 cycles to a depth of 2000m over 8 years. The vertical ascent/descent
of these oats provided the perfect opportunity to take proles of ocean properties such
as temperature and salinity at very little extra cost.
In the mid-'90s oats were rst tted with temperature sensors and later conductivity
sensors (used to calculate salinity) were added (Davis et al., 2001). These oats are
referred to as Proling ALACE oats or P-ALACE oats. They are larger than their
predecessor so that they can house an augmented lithium battery pack that allows a
power limited life of 200 cycles. These oats sample each variable every 2 seconds and
average the readings into 56 predetermined depth bins ranging from 2m near the surface
to 20m at depth. However, the precision of observations is limited by the use of `Syst eme
Argos' for data transmission. Sparse satellite coverage means that only about 6% of the
transmitted measurements are received. To increase the probability that all data will be
received successfully the transmission extends over a 24 hour on-surface period sending
messages every 90 to 120 seconds before the oat begins its next cycle.
The structure of the P-ALACE oat's CTD (Conductivity, Temperature and Depth)
sensors is illustrated in Figure 2.1. A temperature probe is mounted on top of the oat
alongside the antenna and conductivity is measured by an inductive cell mounted on
the side of the oat's end cap. The conductivity of the water passing through the cell
is aected by changes in the geometry of the cell (i.e. path length and cross-sectional
area) (Davis et al., 2001). Biofouling of the sensors can therefore result in errors in
conductivity and consequently salinity measurements.
Bacon et al. (2001) investigated salinity measurements from the P-ALACE oats and
found them to drift over time due to biofouling. The oats examined displayed a max-
imum drift of 0.00090.0004 per month. However, all salinity errors were found to be28 Data
Figure 2.1: Diagram of the structure of the end cap of a P-ALACE oat (taken from
Davis et al. (2001)).
within or close to the manufacturers specication. To overcome the problem of bio-
fouling a biocide can be applied to the inductive cell to slow the fouling but this is
only eective for a limited period as the coating dissolves relatively rapidly altering the
physical dimensions of the cell thus aecting the conductivity measurements. Another
solution to the problem is to isolate the cell from the surrounding sea water when not in
use and expose it to a slow release of high concentrations of biocide (Davis et al., 2001).
The success of the ALACE and P-ALACE oats in WOCE demonstrated the ability
for their use as instruments for prolonged monitoring of the global ocean, enhancing
the observations available from other methods such as XBTs (eXpendable BathyTher-
mographs) and hydrography (Gould, 2005). This paved the way for the Argo program
which began in 2000, its aim to maintain an array of 3000 proling oats measuring tem-
perature and salinity in the upper 2000m of the ice-free regions of the global ocean with
a resolution of 3. The program reached this target in October 2007 and by November
2009 an operational array of over 3222 oats provided by 27 countries worldwide (Figure
2.2 (Argo, 2010)) was returning temperature and salinity proles every 10 days.
The `Argo oats' used in this program are battery powered, fully autonomous oats,
which like the P-ALACE oats are controlled by the inating of an external bladder to
adjust their buoyancy. Once deployed Argo oats drift at a `parking depth' of between
1000 and 2000m. The oat will drift at this level for nine days. Some of the early oat
models (e.g. SOLO) did not have the capacity to adjust their buoyancy suciently to
prole from 2000m in highly stratied tropical water. Most low latitude oats thereforeData 29
Figure 2.2: Distribution of Argo oats in November 2009 and their countries of origin
(Argo, 2010)
only proled to 1000m. However, recent improvements to buoyancy control of oats has
increased their capability for 2000m proling in all regions (Roemmich et al., 2009). As
the oat ascends the prole is taken measuring pressure, temperature and conductivity.
Once at the surface the oat transmits data to the Argos satellite system, a process
which takes 6 to 12 hours (Gould and Turton, 2006; Roemmich et al., 2001). After the
data have been transmitted the oat descends and the cycle is repeated. Individual
oats have a life-time of 4 to 5 years.
Argo requires an accuracy of 0.005C for temperature measurements and 0.01 for salin-
ity. Despite calibration, measurements are expected to drift over a oat's lifetime (e.g.
0.005C for temperature sensors) (Boehme, 2003). As previously mentioned, conductiv-
ity measurements from oats can exhibit a drift due to biofouling of the sensors (Bacon
et al., 2001). A small number of Argo oats have been recovered in order to determine
the stability of the temperature and conductivity sensors. Results indicate that over
a 4-9 month period any drift detected in either sensor of these oats was found to be
within the required accuracy of Argo (Oka and Ando, 2004). It is known that some
oats do exhibit a more signicant drift. However, due to the cost and environmental
impact that the retrieval of the oats would incur, they cannot be recovered at the end of
their lives for re-calibration to ensure their stability. All oats are therefore subject to a30 Data
delayed-mode calibration model using historical hydrographic data to calibrate salinity
measurements with regional T-S relationships (Wong et al., 2003).
Advances have been made in recent years in the CTD technology that is used on the
oats. Sea-Bird Electronics now manufacture new CTD modules for autonomous pro-
ling oats (SBE 41/41CP) which have proven to be an improvement to measurements
(Webb Research, 2010). A pump is used to direct water through the system over the
sensors. As part of the anti-foulant protection this pump is turned o near the surface
(10 to 5 dbars) and between proles. This feature and the module's U-shaped ow path
act to prevent water ow through the system caused by waves and currents and stop oils
and contaminants being ingested at the surface. A very small amount of anti-foulant
is also located inside the conductivity cell to prevent bio-fouling. The use of the pump
directing ow over the temperature sensor and into the conductivity sensor has min-
imised spikes in salinity by improving the coordination of T and C. The accuracy of
the temperature measurement made by the SBE 41/41CP is 0.002C with a stability
of 0.0002C/year. The accuracy of the conductivity measurements is similarly high at
0.002 (equivalent salinity) with a stability of 0.001 per year, more than sucient for
the Argo program. Figure 2.3 shows a photo of a Sea-Bird CTD module tted to a
oat's end cap. These new sensors now make up over 90% of the annual Argo program's
CTD requirement. In addition to the improvements to the CTD senors, a number of
oats have now been deployed with an integrated oxygen sensor and technology is being
developed to further the oats' capability for proling in ice covered regions.
The transmission of data from the oats in the Argo network is done via `Syst eme Argos'
which somewhat limits the vertical resolution of the observations, typically 10dbar in the
upper ocean down to 360dbar reducing to 20 dbar down to 500dbar then 50dbar down to
2000dbar (71 vertical levels). An alternative system has recently been introduced which
uses Iridium satellites, allowing for higher resolution (2dbar vertical resolution) proles
to be transmitted in a shorter time. The new system not only saves energy but also
limits the risks of biofouling and drifting into shallow water (Roemmich et al., 2009).
Another advantage of the Iridium system is the capability for two-way communication
with the oats allowing missions to be changed if necessary. As of May 2010 the Argo
array contained 190 oats using the Iridium satellite system (Figure 2.4) making up 6%
of the total array compared to just 152 the previous year (4.5% of the array). The Argo
data used in this study is predominantly from 2008 and earlier and therefore most, ifData 31
not all, data will be from the `Syst eme Argos' telecom system. In the processing of
Argo data for this study temperature and salinity are interpolated onto 50m surfaces
(41 vertical levels) and so this lower resolution data is adequate for this purpose.
Figure 2.3: A Sea-Bird CTD with guard installed (Webb Research, 2010). The
temperature and conductivity sensors are housed beneath this guard.
Figure 2.4: Distribution of Argo oats indicating the telecom systems used (Argo,
2010).32 Data
2.2.2 Quality control of Argo data
To ensure Argo data are of a high standard (i.e. the trajectory information is sensible
and the proles contain no clearly erroneous values) all proles are subject to a number
of quality control checks and the data are agged according to the result. The data
transmitted to the Global Data Centre (GDAC) pass through two levels of quality
control, `real-time' and `delayed-mode'. In this section the two processes are discussed
along with a note on the selection of data for this study.
Real-time quality control (RTQC) test procedures consist of 19 simple automatic tests
in order to deliver data to users within 24 hours of the oat reaching the surface. These
tests include checking the oat is reporting a realistic date and location, that there are
no obvious spikes in measurements and that the oat is not producing the same prole
repeatedly. The real-time procedures also check the oat's identication number against
the `Grey list', a list maintained by the GDAC of oats that are known to have a sensor
that is not working correctly. A full list and detailed description of the 19 real-time tests
can be found in the Argo quality control manual (Wong et al., 2009).
Figure 2.5: Barchart showing the increase in oat population with time and the
proportion of these that have passed through the delayed mode (DM) quality control
process (Argo, 2010).Data 33
Over time more rigorous quality control tests are carried out in the delayed-mode quality
control (DMQC) procedures. The aim is to identify any erroneous data that has not
been spotted in the RTQC, in particular to identify any drift in salinity measurements,
and make the appropriate adjustments. In January 2010, 60% of the oat proles in the
data set had been through DMQC (Figure 2.5).
Delayed-mode quality control for pressure and temperature is an assessment of the ver-
tical proles done in comparison with measurements from the same oat, nearby oats
and historical data (Wong et al., 2009). The DMQC procedures for salinity are more
involved, to take into account the drift in measurements of the conductivity sensor, and
require the use of an objective mapping technique.
The principle method used for the objective mapping is outlined by Wong et al. (2003).
A climatology of salinity (S) on potential temperature surfaces () created from historical
CTD and bottle data is optimally interpolated onto a oat's location taking into account
the distribution of the data. The covariance of the data is assumed to be Gaussian
and dependent on spatial and temporal scales. The spatial scales are anisotropic with
the zonal scale being larger than the meridional scale due to the predominantly zonal
currents in the ocean interior. The method uses a two-stage mapping technique. In the
rst stage the covariance is calculated as a function of the large-scale spatial separation
where the Gaussian decay-scale is determined by large spatial scales of 20 in the zonal
direction and 10 in the meridional direction (more recently these have been reduced
to 8 and 4 respectively (Wong et al., 2009)). This produces a large-scale estimate
of salinity at the oat's location without regard to temporal variability or small scale
features. Using this method the historical data is not just mapped onto the location
of the oat but also onto the selected historical data points themselves. The residuals
between the original and estimated values are then used in the second stage of mapping.
Although currently this rst stage of mapping is carried out using historical data there
is discussion within the Argo community about the use of an existing mapped salinity
eld. By creating one accurate mapped salinity eld that could be consistently used
within the program the DMQC process would be sped up making more delayed mode
data available (King, B.A., 2010, personal communication). For ease and speed the
anomalies used in this study are calculated using data from the WOA05 climatology.
In the second stage of mapping, the residuals are mapped onto the oat's location34 Data
with a new covariance function that is dependent this time upon the small-scale spatial
separation and temporal separation of the data. The Gaussian decay-scale in this case is
determined by the small spatial scales of 8 in the zonal direction and 4 in the meridional
direction (as with the large scales, these are now reduced to 4 and 2 respectively (Wong
et al., 2009)) and the temporal scale is estimated for each -surface by its ventilation
timescale (the time taken for surface waters to be carried into the interior of the ocean).
This second stage gives a salinity estimate that resolves small scale features and gives a
decreased weight to data with larger temporal separations.
The nal objective estimate of salinity at a oat's location is the sum of the two mapping
stages. If there is historical data close to the oat's location in space and time the
nal objective estimate will reect this and have a small uncertainty. If the temporal
separation exceeds the temporal scale, the contribution from the second mapping stage
will be small and the nal estimate will reect the large-scale climatology and the errors
will be large.
This multiple stage mapping technique is suitable for oat data from tropical and sub-
tropical oceans. For areas where an isotherm crosses multiple water masses or topogra-
phy inuences the water mass distribution, Boehme and Send (2005) suggested a method
which takes into account planetary vorticity. A discussion of the spatial scales used in
this method can be found in Chapter 1.
Owens and Wong (2009) presented the most recent method for the DMQC of salinity
data. The method is a combination and improvement of the schemes introduced by Wong
et al. (2003) and Boehme and Send (2005). A new procedure was also implemented to
account for a non-uniform rate of drift in conductivity sensor varying over the lifetime
of the oat (previous methods assumed a constant linear rate of drift).
Since February 2009 the DMQC has also included pressure adjustments for biases in
reported pressure measurements in a subset of the oats (APEX oats). Although these
biases are usually less than 5dbars, in some cases they can be greater than 20dbars.
Reprocessing is being carried out to remove these bias errors from the data set but some
of the oats cannot be corrected as the pressure bias was not transmitted. These oats
are agged in the `PRES ADJUSTED ERROR' variable with a pressure of 20dbars.
Users are advised to only use delayed-mode, `adjusted' data and to reject oats which
report a pressure error of 20dbars (Argo, 2009).Data 35
Both real-time and delayed-mode data are assigned quality control ags to describe the
state of the data. For example a ag of `1' identies `good data' for which all quality
control checks have been passed. For a full list of these ags and a more detailed
description of the real-time and delayed-mode tests refer to the Argo quality control
manual (Wong et al., 2009).
For this study only oats that have been subject to the delayed-mode process and
assigned a ag of `1' are used. The selection of Argo data for each region explored is
explained in Chapter 3.
2.3 The World Ocean Atlas
In 1994 the National Oceanographic Data Centre (NODC) Ocean Climate Laboratory
(OCL) presented its rst database, the World Ocean Database 1994 (WOD94). Proles
in the data set included measurements of temperature, salinity, oxygen, phosphate,
nitrate and silicate and analyses of these variables at a number of standard depth levels
were presented in the World Ocean Atlas 1994 (WOA94). The database was updated
in 1998 to form the World Ocean Database 1998 (WOD98) and again in 2001 forming
WOD01. As well as including additional data from existing instruments new instrument
types were added. The 2005 update of the database (WOD05) includes data from an
extensive array of instrument types including autonomous gliders and proling oats
used to measure temperature and salinity. The database includes 168,988 oat proles.
The data that make up WOD05 are acquired from many sources and the level of quality
control varies. However, only variables that have the highest level of quality control are
used in the calculation of climatological means in the database. More detail on the data
found within WOD05 can be found in Boyer et al. (2006). A new database WOD09 was
released in September 2009.
The annual mean temperature and salinity data sets used in this study are taken from
a set of objectively analysed climatological elds calculated from WOD05 data. This
set of climatological elds are referred to as the World Ocean Atlas 2005 (WOA05).
The data in WOA05 are interpolated onto standard depth levels from the surface to a
maximum of 5500m and analysed on a 1 latitude-longitude grid (Antonov et al., 2006).
The objective analysis scheme used to create the data set is based on a method described36 Data
by Barnes (1964) which employs a weighting function determined by the distribution of
the observations. The maximum weighting is applied where the radial distance of an
observation from the grid point is zero and the weight decreases exponentially out to a
chosen distance dened as the `inuence radius'.
All data in the WOA05 data set have been through a number of quality control proce-
dures (e.g. gradient and range checks). The data used in this thesis are downloaded via
the NODC website (National Oceanographic Data Centre, NODC, 2007).Chapter 3
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3.1 Introduction
In this chapter a new method for calculating ocean correlation scales is described. Pre-
vious studies of ocean correlation scales have been predominantly concerned with scales
of temperature on depth levels (T(z)). The method of assimilating salinity data is an
important issue, especially in the quality control of Argo data, and so in this study
a scale estimation method is developed to determine scales of salinity on depth levels
(S(z)). In addition to this, the method is adapted to enable scales to be calculated for
salinity observations on potential temperature surfaces (S()) to examine whether this
yields larger scales and therefore the possibility of assigning a higher weighting to more
observations in the assimilation process.
This method is applied to data from the Pacic and Atlantic and the results are presented
in a later chapter. In the development of the method only Pacic data is used and
therefore gures and examples in this chapter refer to data from the Pacic basin.
In the following section the selection criteria for the data and the division of the basins
are explained. Section 3.3 describes the new method of scale calculation for a mean
salinity eld. The method is then adapted for use in calculating scales for an anomaly
eld and this is described in Section 3.4. It is important, once calculated, to establish
how well determined a correlation scale is and this is something that past studies have
not addressed, therefore, Section 3.5 introduces a method for quantifying this. The nal
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section (3.6) presents a summary of the chapter and outlines the investigations that will
be carried out in this study using the method developed.
3.2 Data selection
The observational data used in this study are from the global Argo oat network. For
the Pacic basin (50 North to 50 South and 120 East to 80 West) all data avail-
able on 24/10/08 that had passed the delayed mode quality control process (described
in the previous chapter) and agged as `good data' (a quality control ag of 1) were
downloaded from the GDAC and used for scale calculations. Figure 3.1 indicates the
coverage of observations in the Pacic that meet the specied criteria. The Atlantic
(dened as 50 North to 50 South and 75 West to 25 East), at the time the data
was initially downloaded, had a lower coverage of delayed mode observations than the
Pacic. To increase the coverage of usable observations and aid the calculation of scales,
an update of the Atlantic data was downloaded on 16/10/09. Figure 3.2 shows the data
coverage for the Atlantic basin before and after the update of the data set. There is
an increase of 48055 delayed mode proles which is almost 2.75 times greater than the
24/10/08 coverage. The number of delayed mode proles in the Pacic increased by a
similar number in this period (an increase of 53751 proles) but the data coverage of the
24/10/08 data is sucient for the requirements of this study and therefore an update of
the data set was not necessary.
Before calculating the scales the basins are divided into areas for which a scale can
be determined. For zonal scales the ocean basin is divided into bands of 5 latitude
spanning the width of the basin. This is thought to be reasonable as in the interior
of both the Atlantic and Pacic, currents are mainly zonal and so the salinity and
temperature gradient in this direction would be relatively small. It is expected therefore
that one zonal scale for the whole width of the basin would be reasonable. However,
meridional salinity and temperature gradients are greater and more variable across the
width of the ocean. To capture this variability in the Pacic, the basin is divided into
12 boxes, as shown in Figure 3.3, and a meridional scale is calculated for each box.
The Atlantic Ocean contains fewer Argo observations than the Pacic and when it is
split into these smaller boxes the paucity of the data in each box does not allow reliable
scale calculations to be made. Therefore, in the Atlantic region the meridional scales areMethod 39
Figure 3.1: Locations of oats in the Pacic Ocean. The red box indicates the area
chosen for this study.
calculated for 10 bands of latitude spanning the width of the basin. Further restrictions
are placed on the data in both the Atlantic and Pacic in order to minimise the eect of
the variable salinity gradient across the basin and these will be discussed in the following
section when the method of calculating the salinity dierences (S) is explained.
3.3 Mean eld scales
The Argo DMQC process uses two sets of correlation scales. The initial pass of the
data is done using large scales which are estimated from the mean eld properties.
Assimilating data using the mean eld scales resolves large scale features such as gyres,
indicating the main circulation patterns. Small scale features such as eddies are resolved
in a second pass of the data using smaller correlation scales calculated from an anomaly
eld.40 Method
Figure 3.2: Locations of oats in the Atlantic Ocean. a) shows the delayed mode pro-
les downloaded on 24/10/08 and b) shows the updated coverage with proles down-
loaded on 16/10/09.
This section describes the method used in this study to calculate the mean eld scales
using salinity observations from the Argo data set. In a later section it will be explained
how the method is adapted for the estimation of scales of salinity anomalies calculated
relative to a salinity eld from the WOA05 data set.
3.3.1 Calculating salinity dierences (S)
The following method is used to calculate dierences in salinity between observations
in each 5 latitude band or grid box (10 latitude band in the case of the Atlantic
meridional scales).
 Salinity and temperature proles are uploaded from the Argo database for the
chosen area. `Adjusted' proles are used to ensure any corrections to the data
have been applied.Method 41
Figure 3.3: Locations of oats in the Pacic Ocean. Red indicates the boxes for
calculating the meridional scales.
 Before the proles are used, temperature values are changed to potential temper-
ature using the Matlab Sea Water routines.
 Salinity and potential temperature proles are next linearly interpolated onto 40
regular depth levels (0 to 2000m at 50m intervals).
 For calculating scales on depth levels (S(z)) all observations on the chosen depth
can simply be extracted from the Argo proles.
If the observations were extracted in the same manner for potential temperature
() surfaces (i.e. interpolating on  and extracting the data from the chosen -
surface) the correlation scales estimated could not be reasonably compared with
those of S(z) as the -surface would cross a number of depth levels. In order
that the scales can be compared, a -surface that is representative of the depth
in question needs to be established and this is done by carrying out the following
additional steps:42 Method
{ A depth level is chosen, as for S(z), and the average potential temperature is
calculated for this level.
{ The original salinity proles are then interpolated again, this time onto reg-
ular -surfaces (0 to 30C at 1C intervals) and the observations that corre-
spond to the average temperature of the chosen depth are then extracted.
Once these steps are complete the dierence in salinity is determined for every pair of
observations that satisfy three criteria regarding the spatial and temporal separation of
the observations.
 An observation can only be paired with other observations lying to the east as this
ensures that the same observation pairs are not included more than once.
 For zonal scales the observations must not be separated by more than 2 of latitude
to ensure that there is minimal eect from meridional changes in salinity. Likewise,
when calculating the meridional scales, although there is no restriction on the
meridional separation, the zonal separation is restricted to 2 based upon the size
of zonal scales found.
 A limit to the temporal separation must also be considered. In assimilation models
observations are weighted according not just to their spatial separation but also
to their temporal separation from the model point. For example the Met. Oce
use a time window of 5 to 10 days in their Forecasting Ocean Assimilation Model
(FOAM) (Bell et al., 2000), observations outside of this window are given zero
weighting. Therefore in this study a restriction on the temporal separation of the
observations is also imposed.
Figure 3.4 illustrates the aect of varying temporal and spatial separations on the
dierence in salinity between observations. A strong dependence on the spatial
separation can be seen but the temporal separation appears to have relatively
little eect on the salinity dierence. By choosing a time window like that used
in FOAM the salinity dierence is dominated by the spatial variability and the
temporal scale can be neglected. In choosing the size of this time window it is
important to consider the length of an Argo oat's cycle as it is preferable to avoid
comparing a oat with itself in the following cycle because this will lead to a strong
bias towards low spatial separations and very small salinity dierences. A oat'sMethod 43
cycle is 10 days, therefore, a time limit of 9 days is imposed to prevent this bias. A
pair of observations is only included if their temporal separation does not exceed
this limit.
Figure 3.4: Contour plot of the root mean squared dierence in salinity between ob-
servation pairs with increasing spatial and temporal separation. The spatial resolution
is 50km and the temporal resolution is 30 days.
After the dierence in salinity has been calculated for observation pairs meeting the
stated criteria, the results are separated into 50km bins according to the spatial sepa-
ration of the observations. The average salinity dierence for each bin is found and in
this study it is the median statistic that is used.
Both the median and mean statistic were examined in order to nd the most appropriate
statistic for representing the average salinity dierence in each bin. Figure 3.5 illustrates
the eect of anomalously high salinity dierences on each of the averages. The median
is found to be the more robust statistic and less aected by outliers in the distribution.44 Method
Figure 3.5: Distributions of salinity dierence in two 50km bins in a small section of
the Pacic Ocean. The median and mean statistics for each bin are indicated.
Figure 3.6 shows an example plot of the median salinity dierence for each 50km spatial
separation bin. It is possible to t a function to this pattern in order to determine the
most appropriate correlation scale for the section.
3.3.2 Scale function
Boehme and Send (2005) suggested that the average root mean squared dierence in
salinity (S) should vary with separation, assuming the data in each bin to have a
Gaussian distribution. An equation was presented for the calculation of S involving a
spatial and temporal scale. In this study, due to the imposition of a temporal separation
limit of 9 days, it is not necessary to include a temporal scale as within 9 days the
temporal separation has no obvious eect on the salinity dierence (Figure 3.4). Figure
3.4 also suggests that the salinity dierence does not tend to zero as separation tendsMethod 45
Figure 3.6: An example of the median dierence in salinity for 50km bins in one 5
strip of the Pacic Ocean.
to zero (comparisons of an observation with itself have been excluded). This is also
shown in Figure 3.6 where a clear oset in the rst bin can be seen. This is a feature
of most covariance functions of this kind and the value at which the function intercepts
the y-axis is referred to as the `nugget' (Banerjee et al., 2004). The oset in this case is
likely to be caused by noise in the data and instrument errors and should be included in
the function for S. Equation 3.1 is a modied form of the equation from Boehme and
Send (2005) which now includes a new variable to represent the y-axis intercept that
will need to be determined in addition to the correlation scale.
S =

22

1   exp

 
D2
2

+ 2exp

 
D2
2
 1
2
; (3.1)
where  is the standard deviation of the raw salinity eld and D is the spatial separation
of the observations in kilometers.  and  are the correlation scale (in kilometers) and
y-axis intercept respectively, which need to be determined.46 Method
In carrying out experiments using this equation it is found that the 22 coecient yields
a far eld value (i.e. at 1000km) higher than the observations would suggest. A further
modication is therefore made as shown in Equation 3.2. A2 replaces 22 where A is
the median of the last 6 bins (3 bins in the case of the meridional data in the Atlantic
where the number of bins is lower).
S =

A2

1   exp

 
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2

+ 2exp

 
D2
2
 1
2
: (3.2)
Equation 3.2 is an inverted Gaussian function such that where D = 0, S =  and as
D ! 1, S = A (see Figure 3.8 for an example of this function tted to observations).
3.3.3 Optimising  and 
In order to nd the optimum values of correlation scale () and intercept () the function
S (Equation 3.2) is calculated for varying combinations of  and . The t of the model
function to each bin is weighted according to the number of observation pairs in each
bin (n). It is assumed that bins which contain only a small number of observations may
have a biased or poorly determined average and so weighting the t of the curve ensures
that these bins will have a reduced inuence on determining the best t of the function.
Weighting the curve using a function of the interquartile range of the bin was explored.
However, it was found that bins with only two or three observation pairs occasionally
also had a small interquartile range. These bins received a high weighting, despite the
median not being as reliable as for bins with large numbers of pairs and a wider spread.
Weighting by n alone proved to result in a more reliable t.
For each combination of  and  the root mean squared (rms) error of the t of the
curve (Eq. 3.2) to the data is calculated (Figure 3.7) and the combination of values
that achieve the lowest rms error are taken to be the optimum scale and intercept for
the region in question. Figure 3.8 shows an example of Equation 3.2 tted to salinity
dierences using the optimum correlation scale and oset for the region.Method 47
Figure 3.7: Contour plot of the rms error between the observational data and the
model for increasing spatial scale and intercept. 1 = variance from t of model when
there is no correlation. 2 = variance from the t of the model when the optimum scale
and intercept are used.
Figure 3.8: The S function (Eq. 3.2) tted to S of observations in 50km bins
using the optimum correlation scale and intercept value (as shown in Figure 3.7 above)
for a 5 latitude band.48 Method
3.3.4 A two-scale problem
A problem that arises in the estimation of mean eld scales is the presence of a two-
scale pattern in areas where a front is crossed. Figure 3.9 is an example of this. Pairs
of observations that are separated by shorter distances and located on the same side of
the front produce low values of S to which a small scale could be tted. However, as
the spatial separation is increased pairs of observations are separated by the front and
so comparisons are made between observations of dierent water masses leading to large
values of S. These contribute to the high far eld value as seen in Figure 3.9 and result
in a larger scale. A clear division can be seen in the values of S and this suggests the
maximum spatial separation of observations on the same side of the front.
In the case of the mean eld, the scale estimate achieved by tting the function of S
(Eq. 3.2) to the large far eld value is accepted but this two-scale issue is kept in mind
when analysing the results. This is discussed in more detail in Chapter 4 when the
mean eld results are presented. However, for estimating the scales of the anomaly eld,
the separation of the observations and therefore the distance dened as the far eld, is
restricted to 1000km. This is to minimise the risk of crossing a front and comparing two
water masses. This distance of 1000km is still large enough to allow for scales of the size
expected from the examination of previous studies of anomaly eld correlation scales.
3.4 Anomaly eld scales
Mean eld scales, as described in the previous sections, are used within models to pro-
duce climatologies. Smaller scales are then required to assimilate observations into a
dynamic model. Haines et al. (2006) describe a method of doing this. The departure
of a salinity observation from a background salinity eld is found, essentially a salinity
anomaly. At a model point the salinity value is then modied by a weighted combination
of the salinity anomaly and the predicted model background salinity. The weighting is
determined by the spatial separation of the observation from the model point and the
correlation scale dened for the region. In this study correlation scales for an anomaly
eld are estimated and evaluated for their use within an assimilation scheme.Method 49
Figure 3.9: Plot of the S function (red line) tted to median salinity dierences
calculated for 50km spatial separation bins (blue crosses) for a meridional box in the
Pacic Ocean on the 200m surface. Note the change in salinity dierence values at
approximately 1000km.
3.4.1 Calculating the anomalies
The salinity anomalies are determined relative to the World Ocean Atlas 2005 (WOA05)
climatology. The climatology data, with a resolution of 1  1, are rst linearly inter-
polated on to regular depth or potential temperature surfaces as for the observational
data. Once the surface in question has been selected, the WOA05 data are interpolated
onto the observation locations weighted according to the observation's location in a 1
grid box and its proximity to the gridded climatology data. The function used is as
follows:
Ob = (1   y)(1   x)a + (1   y)xb + y(1   x)c + yxd; (3.3)
see Figure 3.10 for a diagram to illustrate this interpolation. This is a bi-linear inter-
polation where rst an interpolation is carried out in the x direction, between a and b
and then c and d to result in the two values r1 and r2. Interpolating between these two
points in the y direction then results in the value at the observation's location.
The climatology data are then subtracted from the observations to provide the salinity50 Method
Figure 3.10: Diagram illustrating the method used for interpolating climatology data
onto observation locations. See Equation 3.3 for the function used.
anomaly eld (Figure 3.11) and the correlation scales are calculated following the method
previously described for the mean eld scales. As discussed in the previous section, the
separation of observations is limited to 1000km (i.e. 20 bins of data) to reduce the
chance of crossing fronts and creating a two-scale pattern.
3.4.2 Cropping the data to minimise `noise'
Distributions of salinity dierences in each of the spatial separation bins (50km intervals)
are examined. These distributions, especially at lower separations, display a positive
skew and this can lead to a bias in the average towards higher salinity dierences. The
small number of observation pairs in the tail to the right of the distribution are considered
to be `noise' (Figure 3.12a). That is not to suggest that these larger dierences are
caused by `bad' observations. Rather, it is likely that the observations are showing high
variability caused by a moving front or eddy activity. As these features are not stationary
they are not seen in the climatology, resulting in large anomalies scattered amongst
smaller anomalies during times when the front or eddy was not present. An example of
this can be seen in the scatter plots in Figure 3.13. A well dened front can be seen in
the climatology across the section between 140 and 160 longitude. In the observations
it is clear that this front is not stationary. Looking at, for example, the salinity values
of 34.4 (yellow in colour in this gure) it can be seen that the well dened stripe in theMethod 51
Figure 3.11: Scatter plots of salinity in a section of the Pacic Ocean on the 500m
surface. a)Gridded climatology data. b)Observational data. c)Climatology data inter-
polated onto observation locations. d)Anomalies calculated by subtracting climatology
from observations.
climatology becomes more spread out and interspersed with higher and lower salinity
values in the observations. These dierences in salinity are smoothed out in the long-
term average climatology and so anomalies in this area become quite large. It can be
seen in the magnitude of the anomalies that there are many large anomalies dispersed
amongst smaller anomalies which would result in observation pairs with relatively large
salinity dierences. Removing this data from the bin before calculating the median
salinity dierence will minimise this bias towards high values of S. Therefore, to ensure
an appropriate median is obtained, the distribution of each bin is cropped at the 90th
percentile to remove any spuriously high values in the tail of the distribution (Figure
3.12b).
Another example of this bias towards large salinity dierences is seen when small sections
are used. For the development of this method, boxes of just 20 longitude by 5 latitude52 Method
Figure 3.12: Distributions of salinity dierences for one 50km bin in a small section
of the Pacic basin. a)shows the full distribution and the median calculated from this
data and b)shows the distribution cropped at the 90th percentile with the recalculated
median.
were examined and the correlation scales calculated. In some of the boxes, plots of S
indicate larger dierences in the near eld than in the far eld, contrary to what would
have been expected. Figure 3.14 is an example of this. The section this gure represents
is explored further and the Argo oats producing these observations identied.
One particular oat (4900308) appears in all but one of the bins and seems to be con-
tributing to these higher salinity dierences. This oat appears to be reading consistently
lower salinity anomalies in comparison with the other oats in the area (Figure 3.15).
Therefore, where there are only one or two data pairs in the bin, the salinity dierence
created by this oat is raising the average salinity dierence (Figure 3.16). The raw
proles of this oat when compared with two other oats in the area (Figure 3.17) in-
dicate that below 6C it is consistently reading lower salinities. Above 6C there is not
the same consistent oset and there is more agreement between the oats. Proles forMethod 53
Figure 3.13: Scatter plots of salinity observations, climatology and anomalies illus-
trating the aect of a moving front on salinity anomalies.
this oat over a longer period of time are examined and no signicant drift is found.
Having examined the oat's behaviour, climatology and anomaly data it is concluded
that a likely explanation is that this oat is caught in an eddy or front, a small scale
feature that has not been captured by the climatology. Cropping the data should re-
move such features. However, when there is little data or the chosen sections are small,
it may not be possible to remove data and so a problem like this becomes more signi-
cant. Therefore, it is important to ensure the sections used contain a sucient number
of observations to calculate a reliable scale. In this study if there are fewer than 500
observation points available in the region then a scale is not calculated.54 Method
Figure 3.14: S function (Eq. 3.2) tted to median salinity dierences for a small
section of the Pacic Ocean as an example of a situation when the near eld values are
greater than the far eld.
3.5 Establishing a well determined scale
When dening the correlation scales for a region it is important to quantify in some way
how well determined these scales are. Although correlation scales have been explored
in past studies, very few present errors on the scale estimates or state the condence in
the scale. In this study a number of criteria must be met for a correlation scale to be
accepted.
 The far eld variance (A in Eq.3.2) must be greater than the intercept value ()
as shown in Figure 3.18. If A is equal to  then it is assumed that there is no
correlation and it is not appropriate to assign a scale to the data.
 The scale calculated must be greater than 50km. In determining the optimum
scale, values of  are stepped through in intervals of 50 km so it is believed thatMethod 55
Figure 3.15: Float trajectories identied for a small section of the Pacic (205-220
lon. and 25-30 lat.) plotted on salinity anomalies. The symbols indicate pairs of
observations that are used to calculate S. The 7 digit number in the legend is the
platform number (oat i.d.) and the additional number is the cycle.
Figure 3.16: Temperature and salinity proles for oats in the 150-200km bin. a)
depicts two oats believed to be reliable. b) shows one of these oats again with the
addition of the oat that is suspected to be contributing to the anomalous salinity
dierences.56 Method
Figure 3.17: A full set of temperature and salinity proles for the suspected oat and
2 others from the chosen area for comparison.
a scale of 50 km would not be well determined as it suggests the correlation is
inuenced greatly by just the rst bin of data.
 The scale must be established as signicant by carrying out a statistical test (`F-
test') as described in the following section.
3.5.1 F-ratio
If the rst two criteria are met, a correlation scale is estimated and an F-test is used to
establish how signicant that scale is. The test carried out is as follows:
1. The null hypothesis used states that a straight line through the far eld values,
i.e. =A, is an appropriate description of the observed values of S.Method 57
Figure 3.18: Example of the curve produced by the S function (Eq.3.2) indicating
the condition that A must be greater than .
2. A best t to the observations is calculated using the function developed for S
(Eq. 3.2) with the optimum values for  and .
3. The residuals of the observations about each t (the function of S and the line
=A) are calculated and used to carry out the following calculation to determine
the F-ratio:
F =
(1)2 (2)2
2
(2)2
(N 2)
; (3.4)
where 1 is the variance of the observations about =A, 2 is the variance about
the function S when the optimum values of  and  are used (Fig. 3.7) and N
is the total number of bins (i.e. 20).
4. The null hypothesis is rejected if the value of F exceeds a critical value at the 95%
signicance level, which for 20 bins is 3.55 (Mounsey, 1964).
5. If the null hypothesis is rejected the function S (Eq. 3.2) is regarded as best t
to the observations and the scale () is considered to be well determined.58 Method
3.6 Summary
Presented in this chapter is a method that may be used to calculate correlation scales
for both a mean salinity eld and salinity anomaly eld. A test for determining the
signicance of the scale estimates, the F-test, is also proposed. In the following chapters
results are presented from the use of this method to calculate zonal and meridional scales
of S(z) and S() in both the Pacic and Atlantic basins. The results are examined
in order to determine how scales vary with latitude and depth and a comparison of
these scales is made with the scales calculated using the method described by Carton
et al. (2000). The suggestion that scales calculated on -surface are larger than those
calculated on depth levels is explored and the regional variation of correlation scales is
also examined.Chapter 4
Mean eld scale results
4.1 Introduction
Mean eld scales are used within some optimal interpolation methods to produce back-
ground elds which are used to determine the anomaly eld. An example of this is the
Argo DMQC procedures which use a set of large scales to map full eld historical oat
observations of salinity. This provides a large-scale estimate of the background salin-
ity eld without respect to temporal variability and resolves only large-scale features.
This background eld is then subtracted from oat proles to produce the anomaly eld
which is then used to produce a salinity estimate that resolves small-scale features and
takes account of the temporal separation of data points.
Many assimilation models use an existing climatology for the background salinity eld
and this is also something that is being discussed in the Argo community as it would
speed up the DMQC process. In keeping with this, to calculate the anomaly eld used in
this study a climatology is also used. In this case data are taken from the WOA05 data
set. However, although it is the anomaly eld that this study is primarily concerned
with, it is sensible that the mean eld scales are explored while the data and methods for
estimation are available. Therefore, in this chapter the mean eld scales of the Pacic
basin are estimated and discussed.
Mean eld correlation scales are calculated using full eld salinity data which in this
study comes from seven years of Argo proles from the Pacic Ocean. These observations
are used to calculate the mean eld scales on both depth (z) and potential temperature
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() surfaces. In this chapter the results of these calculations are presented and the
variation of scale with latitude and depth is explored. Comparisons are made between
meridional and zonal scales to determine whether scales are isotropic (equal in meridional
and zonal directions) and a comparison is also made between scales of S(z) and S() to
determine whether longer scales are obtained when evaluated on potential temperature
surfaces. At the end of the subsequent chapter the mean eld scales are revisited to
compare them with the scales of the salinity anomaly eld in the Pacic Ocean.
4.2 Correlation scales of salinity on depth levels (S(z))
4.2.1 Zonal scales
Figure 4.1 shows plots of zonal correlation scales calculated for a range of depths from
100 to 1600m. Below 1600m data becomes sparse in some areas and therefore a reliable
scale cannot be achieved. Individual scales for 5 latitude bands are shown on the plots
by black dots. The red line that is seen is a smoothed t to the individual scales. This
is determined by rst applying a weighted moving average lter to remove some of the
variability. For each latitude band the average scale is calculated from the scale of that
band and the two adjacent bands (one each side). The scale of the central band of
the group is given a weighting twice that of the other two. After this has been done
for every latitude band a cubic spline interpolation is carried out between the resulting
average scales. This ts a series of cubic polynomial functions between each data point
to produce a smooth and continuous curve. This is then regarded as the best t to the
original scales. The black lines in Figure 4.1 represent  1 standard deviation of the
original scales from this smoothed t.
Although scales appear to sit mostly in the range 1500 to 2000km, a high degree of
variability with latitude is seen at all depths. A clear pattern in scale with latitude or
depth is not apparent but at most depths a small peak in scale is visible at 40 to 20
South and a minimum at 40 North. In the deeper levels and to a lesser extent some of
the shallower depths (e.g. 100m and 400m) a drop in scale at 10 North is also notable.
In order to smooth out some of the small scale variability and to have a clearer look
at the pattern of scale with latitude, the scales are averaged into larger bands. BandsMean eld scale results 61
Figure 4.1: Zonal correlation scales of mean eld S(z) for varying depth levels in
the Pacic. The red lines represent a smoothed t to the individual scales (see main
text for an explanation of how this is done) and the thin black lines indicate +/- one
standard deviation from this line.62 Mean eld scale results
of 20 in latitude are chosen as it is felt that these are an appropriate size to capture
the key changes in scale (see Figure 4.2 for an example of this division). The median
scale for each 20 band is then calculated from the four individual 5 latitude band
scales. If this median is not a product of 50, the scale is rounded down to the nearest
50km. This is vital because in assimilation it is important to only include relevant data
points. Therefore, it is better to lose a small number of data points due to rounding the
scale down than to round the scale up and risk assimilating observations that may be
detrimental to the model. Figure 4.3 shows the 20 latitude band average scales for the
100m surface as an example.
Figure 4.2: Zonal correlation scales of mean eld S(z) for the 100m depth level. The
thick black lines indicate the division of the region into 20 latitude bands.
Figure 4.4 is a copy of Figure 4.1 but now with the 20 latitude band median scales
overlaid. These averages show scales on most depth levels to be fairly constant with
latitude and changes with depth are also reasonably small. The dip in scale in the tropics
is still present though it is small and varies in position between 20N and the Equator.
It can be seen from these plots that although some surfaces display scale patterns that
are almost symmetrical about the Equator (e.g. 300m, 400m and 1200m), others show
clear dierences between the northern and southern hemispheres. For example on the
800m surface, scales increase quite steadily from north to south and a minimum in scale
that is seen in the northern tropics on the 1400m surface is not present in the south.Mean eld scale results 63
Figure 4.3: As Figure 4.2 with the average scale for the 20 latitude bands represented
by coloured circles joined by a thick coloured line.
As the variation of scale with depth is small it may be possible to average across depths
and produce scale estimates for depth layers rather than surfaces. To do this the depth
surfaces are divided into 3 layers: surface (100 to 300m), intermediate (400 to 800m)
and deep (1000 to 1600m). The median scale is then calculated for each 5 latitude band
from the equivalent scales on each of the individual surfaces. Again, when necessary the
scale estimate is rounded down to the nearest 50km.
Figure 4.5 illustrates the scales calculated for each layer. As in Figure 4.1 the black
dots are individual 5 latitude band scales, the red line is a smoothed t to these and
the black lines are  1 standard deviation of the scales from this t. The coloured lines
overlying the plots show the 20 band average scales for the individual surfaces that
make up the layers.
It is only in the surface layer that any signicant deviation of scale from the layer average
is seen as the average has smoothed out the dip in scale at the tropics that is seen on two
of the individual surfaces. The 100m surface in the tropics displays scales considerably
shorter than the 200 and 300m surfaces and therefore shorter than the the layer average.
Both the intermediate and deep layers are suitably representative of the scales estimated
on the surfaces included within them as there is little variation between these depths. A64 Mean eld scale results
Figure 4.4: Zonal correlation scales of mean eld S(z) for varying depth levels in the
Pacic. The red lines represent a smoothed t to the individual scales and the thin
black lines indicate +/- one standard deviation from this line. Thick, coloured lines
indicate the average scales for latitude bands of 20.Mean eld scale results 65
Figure 4.5: Zonal correlation scales of mean eld S(z) for 3 depth layers in the Pacic.
The black dots show the median scale for each 5 latitude band, the red line represents
a smoothed t to this data and the black lines indicate +/- one standard deviation
from this line. The coloured lines that overlay these plots are the 20 latitude band
averages for the individual surfaces in the layer.66 Mean eld scale results
slight dip in scale is still visible in the intermediate layer reecting the scale patterns on
the 400m and 500m surfaces and this becomes more pronounced as scales in the tropics
decrease with depth into the deep layer.
4.2.2 Meridional scales
Figure 4.6 indicates the geographic locations of the 12 boxes for which the meridional
scales are calculated. Box 4 overlaps land and contains very few observations, therefore,
no scale is calculated for this box. The meridional correlation scales of S(z) are displayed
in Table 4.1 and Figure 4.7 depicts the scales for each depth level in grids that overlie
maps of the Pacic area.
Figure 4.6: Diagram showing the positions of the boxes referred to in the Pacic
Ocean.
The scales vary greatly from box to box with the largest variations occurring in the
tropics (Boxes 5 to 8). These boxes span a greater latitudinal distance than the other
boxes (40 as opposed to 30) and so are more likely to cross dierent dynamical regions
leading to irregularities in scale. In the surface layer, scales in the tropics reduce in
size to the east with the shortest scales apparent in Box 8. This is a feature also
observed in the anomaly eld scales and is discussed in detail in the following chapter.
In the intermediate and deep layers the opposite is true with shorter scales observed inMean eld scale results 67
the western side of the basin. This is an area of high variability with strong western
boundary currents, therefore, sharp gradients in salinity in this area are the likely cause
of these smaller scales.
In general, mean eld meridional scales of S(z) in this basin reduce in size with depth.
This is particularly the case in the northern subtropical boxes (1 to 3) and Box 5, the
western most tropical box. The remaining boxes in the tropics (6 to 8) and the southern
subtropical region (Boxes 9 to 12) display scales that are more constant with depth.
However, in most cases, there is a dip in scale at intermediate depths seen clearly when
depths are divided again into layers (surface, intermediate and deep) and the median
scale for each layer is found (Table 4.2 and Figure 4.8). This dierence in the depth
dependence of the scales between the east and west sides of the basin is something that
was also observed by White and Bernstein (1979) who found that near the surface,
anomaly scales of T(z) vary greatly with depth in the western half of the North Pacic
whilst in the east, scales remain more constant. It was suggested that this is due to
greater baroclinic eddy activity in the west causing strong variation in the depth of the
thermocline. This variability of the thermocline in turn leads to larger dierences in
properties such as potential temperature and salinity on a depth level.
4.2.3 Summary
Mean eld scales of S(z) in the Pacic are found to be almost uniform with latitude
for the uppermost surfaces (100, 200 and 300m) when averaged into one layer. More
variability is seen in deeper layers with scales at the tropics reducing with depth whilst
subtropical scales in the north and south remain reasonably constant. Meridional scales
show a clear dierence between the western and eastern sides of the basin. The west
displays a strong depth dependence in the upper ocean with scales reducing with depth
from the surface into the intermediate layer. The eastern side in contrast displays scales
that are more constant with depth. Whereas in the intermediate and deep layers scales
in the tropics are shortest in the west, the surface layer indicates that the eastern most
box (Box 8) yields signicantly shorter scales than the rest of the region. This is a
feature that is not unique to mean eld scales and is discussed further in the following
chapter with the results of the anomaly eld calculations.68 Mean eld scale results
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Figure 4.7: Meridional correlation scales (km) of mean eld S(z) for varying depth
levels in the Pacic Ocean. X indicates an undetermined scale.70 Mean eld scale results
Figure 4.8: Meridional correlation scales (km) of mean eld S(z) for 3 depth layers
in the Pacic Ocean. X indicates an undetermined scale.Mean eld scale results 71
4.3 Correlation scales of salinity on potential temperature
surfaces (S())
It is suggested that calculating the correlation scales of properties on potential tem-
perature () surfaces will yield larger scales than the calculations on depth levels. As
transient waves move through the ocean, water masses are moved up and down in the
water column. Properties observed on depth levels, e.g. S(z) and T(z), will change as
the waves pass making the properties on a depth level highly variable. This heaving
of water masses will not aect properties on a -surface in the same manner because
these surfaces move with the water mass. Therefore, properties such as S() will not be
changed and the -surface will display less variability. For this reason it is thought that
the correlation scales will be greater for S() as salinity will vary less along the -surface.
As well as examining the depth and latitude dependence of scales of S() a comparison
is made with scales of S(z) in order to determine whether they are larger. To do this
the surfaces must be easily comparable. A -surface may vary signicantly in depth
within an ocean basin, therefore, for each latitude band (or box in the case of the Pacic
meridional scales) a corresponding -surface for each depth needs to be obtained. This
is done by interpolating the Argo prole data onto depth levels and determining the
average value of  for the chosen depth. The original proles are then interpolated
again, this time onto regular -surfaces and salinity data from the appropriate surface
are extracted. The method for calculating the correlation scales then follows the same
method used for the scales of S(z). The -surface may be dierent for each latitude
band but the average depth will be the same and so comparable with the z-levels. This
section presents the scales of S() calculated for all depth levels that were examined in
the calculation of scales of S(z). Further discussion of the determination of corresponding
 surfaces can be found in Chapter 5, Section 5.4.
4.3.1 Zonal scales
Figure 4.9 is a plot of all zonal correlation scales of salinity calculated on potential
temperature surfaces in the Pacic for all depths examined. As in Figure 4.1, black
dots represent the zonal scale for each 5 latitude band. The red line on each plot is a
smoothed t to the individual scales and the black lines represent 1 standard deviation72 Mean eld scale results
of the scales from this t. Figure 4.10 is the same plot with the addition of the median
scales calculated for 20 latitude bands on all surfaces (represented by the bold, coloured
lines).
In general, mean eld zonal scales of S() are centred around approximately 2000km.
On the shallower surfaces (100m to 400m), with the exception of the 200m surface, zonal
scales are at a minimum at the equator. This scale increases with depth until on the
1400m and 1600m surfaces there is a peak in scale in the equatorial band of almost
3000km. Conversely scales to the north and south of the Equator reduce in size. A peak
in scale present in the surface layer at the northern subtropics reduces to a minimum
in the deep layer at 20N and scales in the southern hemisphere reduce in size to give
scales in the deep layer that broadly (with the exception of the dip at 20) decrease from
north to south.
This change in scale with depth can also be seen in Figure 4.11 where, as in Figure 4.5,
depth levels have been divided into layers (surface, intermediate and deep) and median
scales for each layer determined. Once again the bold coloured lines illustrate the 20
latitude band average scales for the individual surfaces. There is a strong agreement
between the scales calculated for individual depth levels and the median scales of the
layer they are within. Most of the 20 latitude bands lie within the error bounds of the
best t for their layer. It would, therefore, be reasonable to use these layer scales within
an assimilation model and even to reduce these to 20 latitude band scales for each layer.
In doing this the variability that is present between depth surfaces, up to 500m in some
cases, would be lost. However, that a correlation scale would dier so much over just
100 to 200m of depth is perhaps unlikely in the mean eld and so averaging the scales
in layers would act to remove false variability.Mean eld scale results 73
Figure 4.9: Zonal correlation scales of mean eld S() for varying depth levels in the
Pacic. The red lines represent a smoothed t to the individual scales and the thin
black lines indicate +/- one standard deviation from this line.74 Mean eld scale results
Figure 4.10: Zonal correlation scales of mean eld S() for varying depth levels in
the Pacic. The red lines represent a smoothed t to the individual scales and the thin
black lines indicate +/- one standard deviation from this line. Thick, coloured lines
indicate the average scales for latitude bands of 20.Mean eld scale results 75
Figure 4.11: Zonal correlation scales of mean eld S() for 3 depth layers in the
Pacic. The black dots show the median scale for each 5 latitude band, the red line
represents a smoothed t to this data and the black lines indicate +/- one standard
deviation from this line. The coloured lines that overlay these plots are the 20 latitude
band averages for the individual surfaces in the layer.76 Mean eld scale results
4.3.2 Meridional scales
Table 4.3 and Figure 4.12 display the meridional scales of S() for all boxes on all
examined depths levels in the Pacic basin (see Figure 4.6 for the numbering system of
the boxes). Once again, as Box 4 is mainly over land there are not sucient observations
to carry out the scale calculation and so no correlation scale is assigned to this box at
any depth.
The patterns of depth and latitude dependence of these scales appears to vary across
the basin, but a general pattern of decreasing scales with latitude from north to south is
suggested. In the northern subtropics (Boxes 1 to 3) scales are at their largest and are
almost uniform with depth and across all boxes in the west to east direction. However,
the tropical (Boxes 5 to 8) and southern subtropical (Boxes 9 to 12) areas display greater
variation. In the surface layer (see Table 4.4 and Figure 4.13 for average scales for the
three layers) there is a clear reduction in scale size towards the east with Box 8 once
again yielding short meridional scales. In the intermediate layer this pattern is reversed
with the smaller scales appearing towards the west and this is also true for some levels
in the southern subtropical area. As with the scales of S(z) this is likely to be due to
the large salinity gradients towards the west coast. In the southern subtropics scales
are seen to reduce with depth into the intermediate layer and decrease again at deeper
levels. In the tropics the depth dependence varies between the east and west sides of
the basin. In the west (Box 5) the average scales in Table 4.4 show a strong decrease in
scale from the surface layer into the intermediate layer with scales then increasing again
in the deep. Box 8 in the east, in contrast, shows a rise in scale between the surface and
intermediate layers and the change in scale is more modest. There is little variation in
scale between the intermediate and deep layers in this side of the basin. As described in
the previous section, this was also observed in the meridional scales of S(z) and agrees
with the suggestion of White and Bernstein (1979) that greater eddy activity in the
western Pacic leads to greater variability in scale with depth.
On closer inspection of the meridional scales of S(), although all the stated scales have
passed the necessary criteria to be accepted some are not robust. This is most clearly
seen in the boxes of the northern subtropical area (Boxes 1 to 3). Figure 4.14 shows
the plot of salinity dierence with increasing meridional separation for Box 1 on the
theta surface that represents the 200m depth level. The overlying red line representsMean eld scale results 77
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Figure 4.12: Meridional correlation scales (km) of mean eld S() for varying depth
levels in the Pacic Ocean. X indicates an undetermined scale.Mean eld scale results 79
Figure 4.13: Meridional correlation scales (km) of mean eld S() for 3 depth layers
in the Pacic Ocean. X indicates an undetermined scale.80 Mean eld scale results
the function for S (Eq. 3.2) evaluated using the the best estimate of intercept () and
scale ( = 1500km). Clearly by eye it can be seen this is not an appropriate t to the
data. If the data were truncated at 600km and a new far eld value (A) calculated, a
dierent curve would be tted to this data.
Figure 4.14: Median salinity dierences calculated for 50km spatial separation bins
(blue crosses) for meridional Box 1 on the -surface representative of the 200m depth
level. The red line shows the S function (Eq. 3.2) tted to this data using the
optimum correlation scale for the box.
Whereas some boxes do yield robust scales, others demonstrate the possibility of a two-
scale pattern, a short-scale and a long-scale. Figure 4.15 shows the salinity dierences
and tted functions for S() in Boxes 9 and 12 on the 200m depth level and the corre-
sponding scatter plot of salinity on the appropriate -surface for each box. Box 9 ( Fig.
4.15a) contains reasonably uniform salinity data and this is reected in the low salinity
dierences in Figure 4.15c which are small and increase steadily with increasing merid-
ional separation out to the far eld where they become more variable. The function for
S (Eq. 3.2) evaluated using a scale of 1000km demonstrates a good t to the data andMean eld scale results 81
this scale is considered to be robust. In Figure 4.15d a scale of 850km is used for the
evaluation of the S function and although this appears to provide a reasonable t to
the observational salinity dierences for Box 12, a two-scale pattern is visible. Truncat-
ing the data at a meridional separation of 1000km would reduce the far eld and result
in a scale estimate of just 450km. The reason for this becomes clear when the scatter
plot of S() (Fig. 4.15b) is examined for this area. The range of salinity values is greater
than in Box 9 and it is clearly a frontal region. In general, observations separated by
1000km or less will sit in bands of salinity that dier by no more than 0.2 to 0.3. As
the spatial separation increases the chance of of crossing the front increases and so the
dierences in salinity become larger, up to 0.4 even 0.5. The same can be seen for Box 1.
Figure 4.16 shows the scatter plot of S() for Box 1 on the 200m depth level and again
it can be seen that a high proportion of the observations lying close together only dier
in salinity by a small amount. However, there is a band of lower salinity observations to
the north of the box that will contribute to salinity dierences of over 1 at larger spatial
separations that will increase the value of the far eld and aect the result of the scale
estimate.
Not all the scale estimates suer from this two-scale problem and many are reliable scale
estimates. Therefore the median scales calculated for the 3 depth layers are considered
to be reasonable representations of the mean eld meridional correlation scales.
4.3.3 Summary
Zonal scales of S() at all depths are centred around 2000km. The main features of
the pattern of scale with latitude are a peak in scale in the northern subtropics which
reduces in size with depth and a minimum in scale at the tropics where scales lengthen
with depth to form a peak in the deep layer. In general, meridional scales of S()
decrease in size from north to south but there are variations in both the latitude and
depth dependence of scales within the basin. The surface layer indicates scales in the
tropics decreasing towards the east whereas the intermediate layer suggests larger scales
towards the west where salinity gradients are larger. In the southern subtropics scales
decrease with depth to intermediate levels and return to larger values in the deep layer.
The tropics display a variation in the depth dependence of scale across the basin with
the western boxes exhibiting a greater change in scale with depth than the eastern boxes.82 Mean eld scale results
Figure 4.15: Plots of mean eld salinity and S for meridional boxes 9 (a and c)
and 12 (b and d) on potential temperature surfaces representative of the 200m surface.
Plots a and b depict S() for boxes 9 and 12 respectively. Plots c and d show the
median salinity dierences calculated for 50km spatial separation bins (blue crosses)
and the S function (Eq. 3.2) tted to this data using the optimum correlation scale
for the box (red line).
The northern subtropics are more uniform across the basin and almost constant with
depth. However, these large scales are not considered to be robust as a two-scale pattern,
discussed above, is visible in the results due to the crossing of fronts in this area.
4.4 Comparison of zonal and meridional scales of S(z) and
S()
It has been suggested in numerous studies (White and Bernstein, 1979; White et al.,
1982; Sprintall and Meyers, 1991) that correlation scales of temperature on depth levels
are anisotropic (zonal and meridional scales are unequal). The scales presented in thisMean eld scale results 83
Figure 4.16: Mean eld S() for meridional Box 1 on the -surface representative of
the 200m depth level in that box.
chapter for both S(z) and S() indicate that results of mean eld salinity agree with this
suggestion.
The cause of this is the dierence in salinity gradient between the zonal and meridional
directions. Figure 4.17 illustrates this dierence. From the scatter plot of salinity in
meridional Box 6 on the 100m surface (Fig. 4.17a) it can clearly be seen that there is
a more uniform salinity structure in the East-West direction than in the North-South
direction. Figure 4.17b shows the variation of salinity with latitude (in red) and the
variation of salinity with longitude (in blue) for the same box. It is clear to see that,
whereas salinity is reasonably constant in the zonal direction, the meridional direction
demonstrates a greater range of salinity values and a steeper gradient, particularly be-
tween 10S and 10N where the equatorial current system is crossed (see Chapter 1
for an explanation of the current structure). It is therefore reasonable to expect that
two salinity observations separated by, for example, 100km in the meridional direction,84 Mean eld scale results
would have a greater salinity dierence than two observations separated in the zonal
direction by the same distance (100km).
Figure 4.17: Meridional Box 6 on the 100m surface: a)Salinity observations and
b)Variation of salinity in the zonal and meridional directions, note the steeper gradients
in the meridional direction.
4.5 Comparison of correlation scales on depth (S(z)) and
potential temperature (S()) surfaces
Figure 4.18 is a comparison of zonal mean eld scales in the Pacic calculated on depth
(red) and potential temperature (blue) surfaces for all depths (100 to 1600m). The solid
lines represent a smoothed t to scales for all latitude bands and the broken lines show
1 standard deviation from this t. Figure 4.19 shows contours of correlation scale
on axes of depth and latitude. The scales shown are equivalent to the solid red (S(z))
and blue (S()) lines in Figure 4.18. Although the latitudinal resolution is ne (0.5)
the depth resolution is quite coarse and so the changes in scale between depths may be
misleading. However, this gure illustrates well the dierence in scales between the z
and  surfaces.
It is clear from both Figures 4.18 and 4.19 that zonal scales on potential temperature
() surfaces are generally longer than those calculated on depth levels. This is a sensible
conclusion as the variation of salinity on a depth level is greater than is seen on a
temperature surface. Whereas a depth level would intersect a number of water masses,
the water mass properties along a -surface would be similar and show less variation.Mean eld scale results 85
Figure 4.18: Comparison of mean eld zonal correlation scales calculated on depth
(red) and potential temperature (blue) surfaces for varying depths in the Pacic.86 Mean eld scale results
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Figure 4.20 is an example of this. The gure shows scatter plots of salinity (a and b)
for the 5N to 10N latitude band on the 100m surface and on the average potential
temperature surface for this depth (20C). Accompanying these plots are plots of salinity
against longitude (c and d) and a polynomial t to this data for each surface (red line).
In all plots a higher variability is apparent on the z-surface. Figure 4.20d of S()
demonstrates a smaller spread of data than is seen in plot c of S(z) and this is claried
by the statistics for each case. The standard deviation of S(z) from the polynomial t
in this band is 0.18 compared to a value of 0.105 for S().
Figure 4.20: Meridional Box 6. Plots a and b depict S(z) and S() respectively for
the 100m depth level. Plots c and d show corresponding plots of salinity variation with
longitude (blue crosses) with the red line representing a polynomial t to this data.
Although the scales illustrated in Figure 4.18 dier in size between z and  the pattern
of variation with latitude is similar. As depth increases the dierence between the
surfaces reduces and a more signicant proportion of the plots show the error margins
overlapping.88 Mean eld scale results
Figure 4.21 shows similar plots to Figure 4.18 but it is the layer average scales that are
shown. Again, it can be seen that in the intermediate and deep layers there is more
agreement between z and -levels. This is because at greater depths properties become
more uniform, the salinity variation in the deep ocean is much smaller than on shallower
levels.
Examining the 20 latitude band average scales for both S(z) and S() in the 3 layers,
shown in Figure 4.22 (again red is S(z) and blue is S()), indicates that scales in the
intermediate layer demonstrate the least variability with latitude. It is also seen that
scales of S() have the greatest variability with depth with scales of S() in the deep
layer varying by up to 1000km compared to just 600km when calculated for S(z).
Like the zonal scales, meridional scales of mean eld salinity estimated on potential
temperature surfaces are generally longer than those calculated on depth levels. Figure
4.23 illustrates the layer average scales of both S() and S(z) for all Pacic boxes. The
blue dots representing scales of S() in all but one box (12) lie to the right (higher
scales) than the red dots representing S(z). In most cases this dierence in scale is
approximately 200 to 300km but the pattern in scale with depth is similar. In a small
number of cases (particularly in Boxes 1 and 2) the dierence between the two scale
calculations is larger. However, in the case of Boxes 1 and 2 the reliability of the S()
scale calculation is questionable.Mean eld scale results 89
Figure 4.21: Comparison of mean eld zonal correlation scales calculated on depth
(red) and potential temperature (blue) surfaces for 3 depth layers in the Pacic.90 Mean eld scale results
Figure 4.22: Comparison plots of the 20 latitude band average mean eld zonal
scales calculated on both depth (red) and potential temperature (blue) surfaces for 3
depth layers in the Pacic.Mean eld scale results 91
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4.6 Summary
In this chapter, zonal and meridional scales of mean eld salinity on depth levels and
potential temperature surfaces have been calculated and compared.
Scales of both S(z) and S() are found to be anisotropic (unequal in zonal and meridional
directions) in keeping with the suggestions made by White and Bernstein (1979), White
et al. (1982) and Sprintall and Meyers (1991). Results indicate that scales estimated
on -surfaces are generally longer than on z-levels reecting the reduced variability of
salinity on a potential temperature surface when compared to a corresponding depth
level.
Zonal scales of S(z) demonstrate little variability with latitude. Scales of S() feature
more structure with shorter scales at the Equator on shallow depths that lengthen with
depth reaching a peak at the deepest levels. In both cases the variation of zonal scale
is small and so averaging the surfaces into 3 layers (surface, intermediate and deep)
adequately represents any signicant variation in depth with scale.
It is a similar case for the meridional scales. These are found to be shorter than the
zonal scales due to higher variability in salinity in the meridional direction. Scales of
both S() and S(z) demonstrate variability from box to box and with depth although
the variability of scale with depth diers between the east and west sides of the basin.
It is believed to be adequate to once again combine surfaces to form 3 layer averages
for each box. This also reduces the problem that occurs on the potential temperature
levels of unreliable estimates due to the crossing of fronts.
These mean eld scales will be revisited at the end of the following chapter in order to
compare them with the correlation scales estimated for the salinity anomaly eld.Chapter 5
Anomaly eld scale results
5.1 Introduction
In this chapter correlation scales calculated for salinity anomaly elds are presented.
The anomaly elds used are determined relative to the WOA05 climatology. This is
done by interpolating the climatology data onto the Argo oat observation locations
(details of the interpolation method can be found in Chapter 3) and then subtracting
the climatology values from the observations. These anomalies are used to calculate
correlation scales on both potential temperature () and depth (z) surfaces in two ocean
basins, the Pacic and the Atlantic. Within each basin and for each surface type the
latitude and depth dependence of the scales are examined along with a comparison of
zonal and meridional scales. Comparisons are made to determine whether there are
dierences in scale between the basins and whether scales calculated on -surfaces are
larger than those calculated on z-levels.
In the following section (5.2) the zonal and meridional correlation scales of S(z) for both
basins are presented. The section also includes a comparison of these scales with those
estimated by Carton et al. (2000). Section 5.3 continues this comparison with results
of scale calculations for temperature anomalies on z-levels. Scales of S() for both the
Pacic and the Atlantic are described in 5.4 with a comparison of S(z) and S() scales
presented in the subsequent section (5.5). Finally, before the results are summarised in
Section 5.7, Section 5.6 presents a comparison of the anomaly scales described in this
chapter with the mean eld scales described in Chapter 4.
9394 Anomaly eld scale results
5.2 Correlation scales of salinity anomalies on depth levels
(S(z))
5.2.1 Pacic Ocean
5.2.1.1 Zonal scales
Figure 5.1 shows, for each depth level examined from 100 to 1600m, a smoothed t (red
line) to zonal scales calculated for each 5 latitude band from 50N to 50S (black dots).
The black lines in each plot represent 1 standard deviation of these scales from the
smoothed t. Scales are only estimated down to a depth of 1600m because below this
depth the Argo data becomes too sparse to establish a reliable correlation scale. Also
shown in these plots are the averages calculated for latitude bands of 20 as described
in Chapter 4. Figure 5.2 provides an example of the individual scale curve plots for two
latitude bands from a depth of 500m used to determine the optimum scale and intercept
to be used in the function.
Scales across all depths range from 200km to approximately 700km and are centred
around 400 to 500km. The pattern of correlation scales across latitude bands varies
with depth. At 100m (Figure 5.3a) scales peak in the tropics at approximately 500km
and remain reasonably constant throughout the southern hemisphere. In the northern
midlatitudes scales are at a minimum around 35 latitude with a scale of 200km. This
pattern changes throughout the water column with scales in the tropics generally reduc-
ing in size. At 500m depth (Figure 5.3b) a scale minimum of approximately 100km can
be seen in the tropics around 10S and peaks in scale are present in both the northern
and southern subtropics (500km at 25S and 600km at 35N). This pattern is visible
down to 800m and in fact the subtropical peaks can be seen to some extent down to
1600m. Below 800m the variability in scale size with latitude appears to increase. How-
ever, the number of observations decreases with depth and so scales become less reliable
at deeper levels.
The patterns seen in Figure 5.1 suggest three scale regimes throughout the water col-
umn. To explore this the ocean is divided in to three layers. These levels are `surface'
(100 to 300m surfaces), `intermediate' (400 to 800m surfaces) and `deep' (1000 to 1600mAnomaly eld scale results 95
Figure 5.1: Zonal correlation scales of S(z) for varying depths levels in the Pacic.
The red lines represent a smoothed t to the individual scales and the thin black lines
indicate +/- one standard deviation from this line. Thick, coloured lines indicate the
average scales for latitude bands of 20.96 Anomaly eld scale results
Figure 5.2: Plots a) and b) show contours of the root mean squared error between the
observational data (salinity anomaly dierences on the 500m surface) and the model
S (Eq. 3.2) for increasing zonal scale and intercept for two 5 latitude bands in the
Pacic Ocean. Plots c) and d) show the S function tted to the observations for both
latitude bands using the optimum values for the intercept and zonal scale obtained from
the corresponding contour plots.
surfaces). For each layer, zonal scales for each 5 latitude band are estimated by cal-
culating the median scale from the individual surfaces included in that layer. If this
yields a scale that is not a multiple of 50 (e.g. 375km) the scale is rounded down to the
nearest 50km. Rounding the scale down rather than up is important for the use of the
scales in an assimilation model (or for quality control of Argo data). Although some
observations that are within the original scale estimate may be excluded after rounding
the scale down, it ensures that observations that are outside of the original scale and
may be detrimental to the model point, are not included.
A smoothed t (described in Chapter 4, Section 4.1) is applied to the average scales
for each layer and the standard deviation of the individual 5 band scales from the
smoothed t is calculated. Figure 5.4 shows the results from the three layers withAnomaly eld scale results 97
Figure 5.3: Zonal correlation scales of S(z) on the 100m and 500m surfaces in the
Pacic. The red line represents a smoothed t to this data and the black lines indicate
+/- one standard deviation from this line.98 Anomaly eld scale results
individual 5 band scales indicated with a black dot, the smoothed t shown by a red
line and black lines indicating 1 standard deviation. Also included in these plots are
the 20 latitude band averages for each of the surfaces included in the three layers.
Although scales appear to vary across dierent surfaces, when the layer averages are
examined the surface layer shows very little variation in scale with latitude. However,
the intermediate layer indicates a dependence on latitude with shorter scales at the
Equator and peaks in the subtropics. There is some indication of this pattern in the
deep layer, the peaks in the subtropics can still be seen but they are not so prominent.
The 20 latitude band averages for the individual surfaces also suggest large dierences
(250km) between adjacent depths. This is likely to be due to the increased paucity of
data at lower levels resulting in less reliable scales.
5.2.1.2 Meridional scales
As in Chapter 4, Figure 5.7 indicates the geographic locations of the 12 boxes for which
the meridional scales are calculated. Box 4 overlaps land and therefore contains insu-
cient data to establish a correlation scale. The meridional correlation scales of S(z) are
presented in Table 5.1 and Figure 5.5 displays the scales for each depth level in grids
that overlie maps of the Pacic area. Table 5.2 and Figure 5.6 display the averages of
these scales over the three depth layers (surface, intermediate and deep) as described
for the zonal scales.
The meridional scales appear to vary greatly from box to box with no coherence with
depth or across the basin. For example at 200m the range of scales is from 100km to
800km with a dierence between adjacent boxes of 200 to 300km (or in the case of Box
12 a dierence of 600km). Comparing boxes across all depth levels indicates that Box
8 displays a lower meridional correlation scale than the adjacent boxes. This is explored
further by combining the boxes by row to give just three regions, northern subtropics
(Boxes 1 to 4), tropics (Boxes 5 to 8) and the southern subtropics (Boxes 9 to 12).
Using the same method as for the individual boxes a scale is calculated for each of the
larger regions. The F-test is then used to test the null hypothesis that the scales for
the individual boxes are not signicantly dierent from the average scale for the region
they are in. The results of these calculations for the 200m surface can be seen in Table
5.3. The F-ratio values obtained indicate that on the 200m surface all but one of theAnomaly eld scale results 99
Figure 5.4: Zonal correlation scales of S(z) for 3 depth layers in the Pacic. The
black dots show the median scale for each 5 latitude band, the red line represents a
smoothed t to this data and the black lines indicate +/- one standard deviation from
this line. The coloured lines that overlay these plots are the 20 latitude band averages
for the individual surfaces in the layer.100 Anomaly eld scale results
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Figure 5.5: Meridional correlation scales (km) of anomaly eld S(z) for varying depth
levels in the Pacic Ocean. X indicates an undetermined scale.102 Anomaly eld scale results
Figure 5.6: Meridional correlation scales (km) of anomaly eld S(z) for 3 depth layers
in the Pacic Ocean. X indicates an undetermined scale.Anomaly eld scale results 103
Figure 5.7: Diagram showing the positions of the boxes referred to in the Pacic
Ocean.
boxes (Box 9) yields a scale that is signicantly dierent from its region's average scale.
Therefore, it would not be appropriate on this particular surface to assign a single scale
to the whole region.
The individual S plots are examined for all boxes of the 200m surface (Figure 5.8).
The S function (red line) ts well to the data in all cases suggesting the estimates of
the correlation scales are reasonable and therefore the small scale in Box 8 is reliable. A
feature that does stand out in these plots is the salinity dierence in the far eld of Box
8. The far eld S in this box is considerably lower than in all others on this level. In
general the far eld has a S value of 0.08 to 0.12 with the far eld values of adjacent
boxes diering by just 0.03. However, the far eld in Box 8 is as low as 0.035 and diers
from that of Box 7 by approximately 0.06. Histograms of far eld bins in both boxes 7
and 8 (Figure 5.9) indicate that Box 7 has a greater range of salinity dierences with the
distribution extending out to higher salinity dierence values. So this does not appear
to be a problem with the data but rather a feature of the ocean salinity distribution.
Boxes 7 and 8 are inspected further by breaking them both down into four strips (each
of 10 longitude) and calculating a correlation scale for each strip. Figure 5.10 presents
the results of the scale calculations for each of these strips. It is clear from these plots104 Anomaly eld scale results
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Figure 5.9: Histograms showing the distribution of salinity dierences in the 750 to
800km and 800 to 850km bins for meridional Boxes 7 and 8 at 200m depth in the Pacic
Ocean.106 Anomaly eld scale results
Box Scale (km) Average scale for region (km) F-ratio
1 350 200 21.7048
2 150 200 10.7101
3 400 200 19.1909
4 X 200 X
5 550 200 27.9060
6 300 200 14.5968
7 300 200 17.7555
8 100 200 7.5933
9 350 400 1.1214
10 250 400 32.1479
11 250 400 63.8190
12 800 400 116.3543
Table 5.3: Results of an F-test on the 200m surface in the Pacic used to test the
null hypothesis that the average scale for a large region (4 boxes combined) gives a
suitable estimate of meridional correlation scale for each of the smaller regions (indi-
vidual boxes). The critical value that needs to be exceeded in order to reject the null
hypothesis is 3.52. Note that only Box 9 has an F-ratio that does not exceed the critical
value. X indicates an undetermined value.
that the change in the far eld starts at the eastern edge of Box 7 (Strip 7d) with a drop
in the far eld S of almost 0.05 between Strips 7c and 7d.
Figure 5.11 displays scatter plots of salinity anomaly for boxes 7 and 8 on both the 200m
and 800m surfaces along with plots of the Argo observations and climatology data from
which the anomalies are calculated. To the west of the area there is a high variability
in anomalies. A number of fronts cross through this part of the area. One is orientated
west to east from approximately 5N, one southwest to northeast from 10N and one is
orientated northwest to southeast from the equator. Although these fronts are present
in the climatology they are somewhat smoother than the observations suggest, creating
areas of large positive and negative anomalies. Figure 5.12 represents a closer look at
the southwest section of the Boxes 7 and 8 area where the variability in anomaly is
highest (adjacent points vary by up to 0.2). There appears to be a small front across
this section also as salinity begins to reduce again towards the southwest. However,
Argo observations indicate that salinity values are higher along this front. This could be
due to a slight increase in salinity here since 2005 (date of the climatology) or an eddy
or current bringing more saline water into the region for a short period.
In the eastern part of the section, in the region of Box 8, an area of low anomalies becomes
more dominant as the fronts diverge and both the observations and climatology becomeAnomaly eld scale results 107
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more uniform. This change is also illustrated by the salinity gradients of each side of
the area. In Figure 5.13 it can be seen that the salinity gradient at 260 longitude is
much shallower than at 210 longitude, certainly north of 15S where the front is located.
Figure 5.13 also highlights the higher salinity values recorded by the Argo oats between
15S and 10S in the west.
Considering these features in the background salinity and the anomalies calculated, it
is reasonable that the far eld variance in Box 8 on the 200m surface is lower than
its adjacent boxes. Other boxes contain more fronts and where these fronts in the
Argo observations do not coincide with those in the climatology larger anomalies occur
and result in larger far eld salinity dierences. Deeper surfaces such as the 800m
surface shown in Figure 5.11 demonstrate a more uniform salinity eld in both the
observations and climatology. This surface is less aected by fronts and small scale
features and therefore the anomalies are small and also fairly uniform. This is reected
in the meridional scales on this surface (see Table 5.1) having a lower variability than
shallower depths.
5.2.1.3 Summary
Pacic zonal scales of S(z) are found to centre around 400 to 500km with latitudinal
variation most clearly seen in the intermediate layer (400 to 800m). In the surface layer
(100 to 300m) the scales peak in size in the tropics and scales in this area decrease with
depth into intermediate levels but below 1000m an increase in depth is apparent. Scales
in the north and south subtropics increase in size with depth and peaks are present at
the deepest levels. The meridional scales are highly variable across the region and with
depth but a pattern in scale is not discernible. However, the most eastern box of the
tropical region (Box 8) consistently yields shorter correlation scales and this is believed
to be due to the increase in the separation of fronts in this area.Anomaly eld scale results 109
Figure 5.11: Plots of salinity anomalies, observations and climatology on both the
200m and 800m surfaces in the Pacic for the area of meridional boxes 7 and 8. The
anomaly elds shown are a result of subtracting the climatology data in the bottom
plots from the observations in the central plots.110 Anomaly eld scale results
Figure 5.12: Salinity observations and climatology on the 200m surface in the Pacic
for the southern section of meridional Box 7.
Figure 5.13: Salinity at 210 and 260 longitude for WOD05 data and Argo observa-
tions; note the higher salinity gradient with latitude at 210 longitude.Anomaly eld scale results 111
5.2.2 Atlantic Ocean
5.2.2.1 Zonal scales
Figure 5.14 depicts zonal correlation scales for the Atlantic ocean across all 5 latitude
bands from 50 South to 50 North and for depth surfaces ranging from 100 to 1600m.
As with the plots for the Pacic Ocean (Figure 5.1) the zonal scale for each 5 latitude
band is shown with a black dot, a smoothed t is applied and represented by the red line
in the plots while the black lines indicate 1 standard deviation of the scales from this
t. Overlaid on each plot are the average scales for 20 latitude bands. Scales are shown
to range from 200 to 800km across all surfaces and centred on around 400 to 500km.
The pattern of zonal scales with latitude and their changes with depth dier somewhat
from the pattern seen in the Pacic Ocean. A general trend of shortening scales towards
the south is apparent with scales in the northernmost 20 latitude staying at 600 to
650km down to a depth of 1000m while in the southernmost 20 latitude scales range
from 200 to 450km. Below 1000m, scales in the southern hemisphere appear to increase
to 650km and there is even a peak of 1000km in the 0 to 5N band at 1600m, with a
jump of 800km from the 5 to 10N band.
Table 5.4 indicated the change in the number of observation pairs between the 100m and
1600m surfaces in both the basins. Observations become more sparse at deeper levels
and therefore there are less valid observation pairs in each of the 50km bins used for the
scale estimate. This can lead to a bias in the median S values for the individual bins
and therefore an unreliable scale.
Using the same method as discussed for the Pacic basin, the average scales are cal-
culated for three layers, surface, intermediate and deep. The results are plotted and
shown in Figure 5.15 along with the 20 latitude band averages for the individual sur-
faces. The plots suggest there is not a vast dierence in pattern between the layers
with larger scales in the north reducing towards the south. The surface layer shows the
best agreement with the individual surfaces involved, each demonstrating a reduction in
scale at approximately 20N. Below 20N there is an increase of scale down to 10N and
then a steady decline through the southern hemisphere. The reduction in scale at 20N
and the increase south of this are also apparent in the intermediate layer but the scales
in the southern hemisphere appear to be more variable. However, the agreement with112 Anomaly eld scale results
Figure 5.14: Zonal correlation scales of S(z) for varying depth levels in the Atlantic.
The red lines represent a smoothed t to the individual scales and the thin black lines
indicate +/- one standard deviation from this line. Thick, coloured lines indicate the
average scales for latitude bands of 20.Anomaly eld scale results 113
Pacic Atlantic
Latitude () z = 100m z = 1600m z = 100m z = 1600m
47.5 38468 28830 53002 35418
42.5 19862 17406 48991 31104
37.5 26150 12758 26073 16175
32.5 42279 32710 18988 10046
27.5 34903 20944 17890 7321
22.5 38469 16885 10063 2930
17.5 35303 6423 7583 2723
12.5 26974 2446 4744 358
7.5 47177 759 10844 1981
2.5 19343 486 24719 13052
-2.5 27580 1710 14016 9107
-7.5 20916 275 9648 6045
-12.5 21527 317 3973 1362
-17.5 30956 1272 6154 1606
-22.5 31595 2168 9503 3702
-27.5 33949 8024 18041 11956
-32.5 32803 15437 26467 14429
-37.5 59378 37774 15690 12659
-42.5 49989 39311 22465 19814
-47.5 42880 29585 28735 24756
Table 5.4: Number of valid observation pairs for latitude bands on 2 depth levels in
the Atlantic and Pacic Oceans.
the individual surfaces is not as strong. The deep layer actually shows a peak in scale
at the equator. The individual surfaces in this layer display even less agreement with
the layer average with very few points lying in the bounds of the standard deviation.
As previously discussed, the data coverage on these surfaces is lower and so the higher
variability in the south is believed to be a result of this. Combining the four surfaces to
produce the deep layer average is thought, therefore, to produce a more reliable pattern.
5.2.2.2 Meridional scales
The meridional scales are generally shorter than the zonal correlation scales in the
Atlantic. Figure 5.16 displays the meridional scales for all depth levels in the Atlantic.
In this case a scale is calculated for each 10 latitude band, illustrated on the plots by a
back dot. The scales range from 100 to 500km and are centred on approximately 200 to
300km. The variability in scale with latitude is smaller than for the zonal scales but in
general, below 400m there seems to be a slight increase in scale moving southwards. This
can be seen most clearly in Figure 5.17 where again, as for the zonal scales, the averages114 Anomaly eld scale results
Figure 5.15: Zonal correlation scales of S(z) for 3 depth layers in the Atlantic. The
black dots show the median scale for each 5 latitude band, the red line represents a
smoothed t to this data and the black lines indicate +/- one standard deviation from
this line. The coloured lines that overlay these plots are the 20 latitude band averages
for the individual surfaces in the layer.Anomaly eld scale results 115
for three layers have been calculated. The average scales for the surface layer show little
variation with latitude and it could be reasonable to use one scale (i.e. 200km) for the
whole basin and layer. However, this would not capture the variability present in the
individual layers. Both the 100m and 200m surfaces indicate a peak in meridional scale
at the Equator and a minimum at 20S to 30S. On the 100m surface another peak is
present at 20N to 30N making the scales symmetrical about the equator. Although
the 300m surface still shows signs of a minimum at 20S, the equatorial peak is no longer
apparent. These changes in scale do lie within the bounds of the standard deviation from
the smoothed t in the surface layer (Figure 5.17 top) and similarly the intermediate
layer (Figure 5.17 centre) demonstrates reasonable agreement between the surfaces. The
deep ocean, again, does not appear to show agreement between the individual surfaces,
with adjacent depths yielding signicantly dierent scales. For example at 20N the
1000m surface yields a scale of 350km whereas the 1200m surface scale is just 100km.
Again, this is believed to be an issue with data coverage on these deeper surfaces.
5.2.2.3 Summary
Zonal scales of S(z) in the Atlantic show a general pattern of shortening scales with
latitude from north to south. Scales in the far north are consistent with depth whereas
the scales in the northern subtropics increase in size down to intermediate depths and
decrease below this. Scales in the south appear to increase with depth, with a large
peak in scale seen in the southern subtropics. This is thought to be an unreliable result
due to the paucity of data at deep levels. Meridional scales are centred around 200 to
300km and demonstrate less variability than zonal scales. Scales in the surface layer
peak in the tropics but this reduces with depth and in the intermediate and deep layers
the dominant pattern is of increasing scales from north to south.116 Anomaly eld scale results
Figure 5.16: Meridional correlation scales of S(z) for varying depth levels in the
Atlantic. The red lines represent a smoothed t to the individual scales and the thin
black lines indicate +/- one standard deviation from this line. Thick, coloured lines
indicate the average scales for latitude bands of 20.Anomaly eld scale results 117
Figure 5.17: Meridional correlation scales of S(z) for 3 depth layers in the Atlantic.
The black dots show the median scale for each 5 latitude band, the red line represents
a smoothed t to this data and the black lines indicate +/- one standard deviation
from this line. The coloured lines that overlay these plots are the 20 latitude band
averages for the individual surfaces in the layer.118 Anomaly eld scale results
5.2.3 Comparison of Pacic and Atlantic S(z) scales
In both the Pacic and Atlantic basins, correlation scales of salinity on depth levels
are found to be anisotropic (unequal zonal and meridional scales). In general, scales
are shorter in the meridional direction. This is somewhat expected due to the larger
salinity gradients in the meridional direction than in the zonal direction. However, Festa
and Molinari (1992) suggested scales of temperature on depth in the upper 400m of the
Atlantic are isotropic (equal in zonal and meridional directions) and this does not appear
to be the case in this study of salinity anomalies. The anisotropy found in scales in the
Pacic does conform to suggestions from previous studies of temperature scales in this
basin (White and Bernstein, 1979; White et al., 1982; Sprintall and Meyers, 1991).
Figure 5.18 presents comparison plots of zonal scales in the Pacic (in blue) and Atlantic
(in red) basins. The solid lines in the plots show the smoothed t to the scales for
individual latitude bands and the broken lines indicate 1 standard deviation of the
individual scales from this t. These scales are also shown on contour plots for each
basin on grids and latitude (Figure 5.19). The depth resolution of the data is quite
coarse and so changes in scale with depth may be misleading, but simple comparisons
can be made between the two basins. There are clear dierences in scale in the tropics
below 400m. This is clearest at 500m where in both the contour plots and line plot
for this depth (Figure 5.20) a minimum in scales is present in the Pacic close to the
Equator where as a peak is observed in the Atlantic.
The plots in Figure 5.18 indicate that although dierences in scale are observed, at most
latitudes (certainly in the upper ocean) they are not signicant (i.e. error bounds over
lap). Where the size of the scales are shown to dier signicantly, in most cases the
patterns in latitude structure are similar in the two oceans. This can be seen in Figure
5.21 which presents comparison plots of the averages of 20 latitude bands for each depth
in the two basins. This is perhaps unsurprising as the major currents (as discussed in
Chapter 1, Section 5) are generally in the same position in both oceans.
Combining the plots in Figure 5.21 into the three layers as previously described (Figure
5.22) it becomes clear that in the surface layer there is no substantial dierence in scales
between the Pacic and the Atlantic. Scales in the deep layer are also very similar but as
discussed in the previous section there are large jumps in scale in the Atlantic which are
here ascribed to poor data coverage in the deep Atlantic. It is in the intermediate layerAnomaly eld scale results 119
Figure 5.18: Comparison plots of the zonal scales of S(z) in the Atlantic (red) and
Pacic (blue) for varying depth levels.120 Anomaly eld scale results
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(400 to 800m) where the dierence in zonal scale becomes most apparent and would
certainly suggest that in the tropics it would not be appropriate to use the same scale
for both basins.
Meridional scales dier much more greatly between the two basins, with Atlantic scales
being more constant in both latitude and depth. However, the division of the Pacic
basin into smaller boxes allows for more variation in scale within the region. The Atlantic
scales appear to peak in the tropics at the surface but in the Pacic the key feature is a
minimum in scale at the eastern edge of the tropics in this layer. The reduction in scale
from north to south that is seen in the intermediate and deep layers of the Atlantic is
seen to some extent in the deep layer of the Pacic. However, in the intermediate layer
an increase in scale from north to south is a more appropriate description for the Pacic.
Figure 5.20: Comparison of zonal scales in the Pacic and Atlantic on the 500m
surface. Solid lines show the best t to scales for 5 latitude bands and the broken lines
indicate +/- one standard deviation from this t.122 Anomaly eld scale results
Figure 5.21: Comparison plots of the 20 latitude band average zonal scales of S(z)
in the Atlantic (red) and Pacic (blue) for varying depth levels.Anomaly eld scale results 123
Figure 5.22: Comparison plots of the 20 latitude band average zonal scales of S(z)
in the Atlantic (red) and Pacic (blue) for 3 depth levels.124 Anomaly eld scale results
5.2.4 Comparison of S(z) scales with Carton scales
5.2.4.1 Carton scales
A review of assimilation methods used in the Simple Ocean Data experiment (SODA)
was carried out by Carton et al. (2000). It resulted in the development of a set of
equations that can be used to calculate correlation scales in both zonal and meridional
directions.
The Carton et al. (2000) study was concerned with scales of temperature on depth lev-
els (T(z)) and the analysis was only carried out over the upper 444m. Climatological
monthly mean data were subtracted from observed temperatures to obtain the tempera-
ture anomalies for which the scales are calculated. Within two separate regions (Tropical
20S to 20N and Subtropical poleward of 20) all possible data pairs were formed at
each vertical level. The zonal and meridional separation were calculated for each pair
of observations and a zonal scale was only calculated if the zonal separation was more
than 25km. A meridional scale was only calculated if the meridional separation exceeded
25km. Autocorrelation functions were found for each region in the Pacic, Atlantic and
Indian Oceans. An exponential function was then tted to each spatial covariance and
from these the following functions were developed for the dependence of scale on depth
and latitude.
Cx =

450 +
375   450
50 jj

1200   z (1   fjj=50g)
1200

km (5.1)
Cy =

250 +
375   250
50 jj

1200   z (1   fjj=50g)
1200

km (5.2)
where  is the latitude and z is depth. z is assumed to be positive and increases with
depth (i.e. surface is at 0m and 100m depth is at +100m).
The method used by Carton et al. (2000) is similar to that presented in this thesis
so a comparison of the resulting scales is appropriate. Two key dierences between
the two studies are the dierence in variable (salinity is used in this thesis rather than
temperature) and the limit in depth of the Carton et al. (2000) study (400km).Anomaly eld scale results 125
The following section presents a comparison of zonal scale results obtained using the
function presented above (Eq. 5.1) and the method outlined in this study.
5.2.4.2 Comparison of scales
Figure 5.23a illustrates the zonal scales calculated for latitudes from 50S to 50N on
75, 100, 200, 300 and 400m surfaces using Equation 5.1 developed by Carton et al.
(2000). Scales are shown by this method to be symmetric about the equator with
near surface scales (75 and 100m) increasing towards the tropics forming a peak at the
Equator. While at 50 North and South scales remain the same at all depths the scales
at other latitudes, particularly in the tropics, decrease with depth, resulting in a denite
minimum in scale at the Equator on the 300 and 400m surfaces.
Plots b and c in 5.23 show the 20 latitude band average zonal scales for the Pacic and
the Atlantic respectively for the 100, 200, 300 and 400m surfaces. The clearest dierence
that can be seen between the scales obtained in this study for both basins and those
of Carton et al. (2000) is the lack of symmetry in the scales calculated in this thesis,
there are notable dierences in scale between the northern and southern hemispheres.
The pattern of changing scales with depth in the Pacic is similar to that of Carton
et al. (2000) with the upper most layers showing a peak at the Equator which reduces
with depth to a minimum on the intermediate depth levels. Investigation of the deeper
levels indicates that scales increase again at the Equator below 1000m depth. The
midlatitude scales (40 North and South) display more variability in this study than
that of Carton et al. (2000). However, when the full depth range of this study is taken
into account the scales in these bands only vary by, on average, 100km between levels
whereas the change in scale at other latitudes is more substantial.
The scales in the Atlantic (5.23c) also show the same peak in scale at the Equator.
However, the decrease in scale with depth is not as pronounced. The Atlantic scales
also highlight that there is signicantly more variability in scale with latitude when
calculated using the observations and method from this study as opposed to the method
of Carton et al. (2000).
It is possible that any dierences in scale pattern could be due to the dierence in
property examined. Although it may be expected that the pattern for temperature and126 Anomaly eld scale results
Figure 5.23: Zonal correlation scales calculated using the scale function presented by
Carton et al. (2000) (a) and the method described in this thesis applied to the Pacic
(b) and the Atlantic (c).Anomaly eld scale results 127
salinity scales would be similar, to make a fair comparison the method developed in this
thesis is used to calculate correlation scales of potential temperature on depth levels.
The results from this analysis are presented in the following section.
5.3 Correlation scales of potential temperature anomalies
on depth levels (T(z))
The estimation of correlation scales of temperature on depth levels is an equivalent
calculation to that presented by Carton et al. (2000) and therefore more suitable for
comparison than the scales of S(z). In this section zonal correlation scales of T(z) in
the Pacic are presented for comparison with the scales of Carton et al. (2000).
Figure 5.24 presents plots of zonal correlation scales of potential temperature with lati-
tude for all depths in the same manner as the salinity scales were presented in previous
sections. In general, as with the previously described zonal scales of S(z), the pattern of
correlation scales with latitude in the upper ocean is similar to that described by Carton
et al. (2000). There is an obvious peak in scales in the tropics which, by 400m, has
reduced to a minimum. This minimum is found to persist into the deep ocean. Again,
these plots indicate a greater amount of variability in scale with latitude than is allowed
by the functions of Carton et al. (2000). However, the basic scale pattern does display
more of a symmetry about the Equator than that of the scales of S(z).
Figure 5.25 shows contour plots of correlation scale on axes of latitude and depth for
the upper 400m. Plot (a) shows scales calculated using the function from Carton et al.
(2000) (Eq.5.1), the same scales depicted in Figure 5.23. Plot (b) represents the scales
shown by the red lines in Figure 5.24 for the top four depth levels (100 to 400m).
Comparing the scale patterns in these two plots similarities can be seen, for example,
the increase in scale towards the tropics at 100m and some reduction in scale with
depth, most pronounced in the tropics. However, there is clearly variability shown by
the observations that is not represented by the model.
The plots of T(z) in Figure 5.24 also indicate clear peaks in scale at approximately
35 to 40 latitude both in the northern and southern hemispheres of approximately
500 to 600km and these features remain present at all depths examined. The peaks in128 Anomaly eld scale results
Figure 5.24: Zonal correlation scales of T(z) for varying depth levels in the Pacic.
The red lines represent a smoothed t to the individual scales and the thin black lines
indicate +/- one standard deviation from this line.Anomaly eld scale results 129
Figure 5.25: Contour plots of: a) zonal correlation scales of T(z) calculated using
the scale function presented by Carton et al. (2000) (contours are at 10km intervals)
and, b and c) zonal correlation scales of T(z) and S(z) calculated for the Pacic using
the method described in this thesis (contours are at 50km intervals). Scale estimates
are calculated for the four uppermost depth levels (100, 200, 300 and 400m) with a
latitudinal resolution of 0.5.130 Anomaly eld scale results
scale coincide with the poleward edges of the northern and southern gyres and other
clear changes in scales appear to be related to currents present in the Pacic basin
(see Figure 1.1 for an illustration of Pacic currents). Figures 5.26 and 5.27 show the
positions of the surface currents in the Pacic superimposed on the scale plots for the
100 and 500m depth levels. The current pattern in the Atlantic is similar to that of the
Pacic (Figure 1.5) and so it is not a surprise therefore that the scale patterns are also
similar. The eect of these surface currents reduces with depth and likewise, especially
for S(z) zonal scales (Figure 5.1), the scale pattern becomes less dened with depth.
Figure 5.26: A plot of zonal scales of temperature anomaly at 100m in the Pacic
ocean showing the positions of the major currents as dened by Reddy (2001)
Although the correlation scales determined by Carton et al. (2000) reasonably represent
the depth dependence of upper ocean scales in the tropics, their variability with latitude
is over simplied and ignores notable features in the scale pattern. For example, persis-
tent peaks in the northern and southern subtropics, coinciding with ocean currents, are
changes in scale that are important and should not be disregarded.Anomaly eld scale results 131
Figure 5.27: A plot of zonal scales of temperature anomaly at 500m in the Pacic
ocean showing the positions of the major currents as dened by Reddy (2001).
Figure 5.25 also shows a comparison of correlation scales of T(z) and S(z) for the up-
per 400m in the Pacic Ocean (plots b and c). Again, although there are some similar
patterns, the reduction in scale with depth at the tropics for example, there are dier-
ences in scale between the two properties. This is an important observation to note as
studies in the past have used the T-S relation (e.g. Troccoli and Haines (1999)), to infer
salinity from temperature measurements. Here it is seen that this may not be a suit-
able method as the properties can vary on dierent spatial scales. With Argo providing
salinity and temperature data of equal coverage and quality there is no longer need to
make assumptions and rely on the T-S relation.132 Anomaly eld scale results
5.4 Correlation scales of salinity on potential temperature
surfaces (S())
As discussed in Chapter 4, Section 4.3, it is expected that the calculation of correlation
scales on -surfaces will yield larger scales than calculations on z-levels. This is due
to the heaving of water masses caused by the passing of transient waves increasing the
variability of salinity on a depth level whilst leaving salinity on a -surface relatively
unaected.
In order that the scales of S() can be easily compared with those of S(z) a comparable
-surface for each depth level is required. Figure 5.28 shows the average temperature for
each latitude band on all depths in the Pacic and Atlantic. It is clear from these plots
that for many of the depth levels a single -surface can not be used to represent the
whole basin. For example, on the 200m level the temperature ranges from 6C to 20C
across the basin. Therefore, the choice of corresponding -surface is recalculated for each
area in which a scale is to be determined and so takes a new local value for each latitude
band (or box in the case of the Pacic meridional scales). To determine the appropriate
-surface for each latitude band the Argo prole data are rst interpolated onto depth
levels and the average value of  for the chosen depth is calculated. The original proles
are then interpolated again, this time onto regular -surfaces and salinity data from the
appropriate surface are extracted. The correlation scales can then be determined using
the usual method. Results presented in this section show scales of S() for all depths
examined in the calculation of scales of S(z).
Figure 5.29 shows plots of potential temperature in the Pacic and Atlantic basins on the
100m surface. The variation in  with longitude, even towards the surface is small enough
that the average  value for a 5 latitude band band will be a reasonable representation
of the given depth. At deeper levels the temperature becomes more uniform still and
so one  value for a latitude band is a good representation. The temperature variation
in the meridional direction is greater. In the Atlantic, scales are calculated for bands of
10 in latitude, spanning the width of the basin. The bands are narrow enough that the
average -surface is still a reasonable representation. However, in the Pacic, the boxes
for which the meridional scales are calculated span 30 of latitude in the subtropics and
encompass areas of much greater temperature variation. This may mean the -surfaceAnomaly eld scale results 133
Figure 5.28: Plots of temperature variation with latitude (from Argo observations)
in the Pacic (blue) and Atlantic (red) on varying depth levels.134 Anomaly eld scale results
taken to represent the chosen depth level may not be a true representation of the full
box making the comparisons with depth levels less reliable. However, this method has
been accepted as the best way to deal with the comparison of surfaces but this issue in
the Pacic is kept in mind when analysing the results.
Figure 5.29: Potential temperature from the WOA05 climatology on the 100m surface
in the Pacic and Atlantic.
5.4.1 Pacic Ocean
5.4.1.1 Zonal scales
Figure 5.30 depicts the zonal scales of salinity on -surfaces for all depths examined. As
with previous plots of this kind the black dots indicate individual scales for 5 latitude
bands, the red line is a smoothed t to these scales and the black lines indicate 1
standard deviation of the scales from the smoothed t. The coloured lines that are
overlaid on these plots represent the median scales calculated for 20 latitude bands
from the individual scales. The plots in this gure indicate that the range of zonal
scales of S() in the Pacic is large across all depths. Scales range from 100km up to
approximately 700km centred, in most cases, around 400km. There is a strong pattern
at all depths of scales peaking in the north and decreasing towards the south. Examining
the 20 latitude band averages reveals a more structured pattern at some depths. On
the 100m surface a peak in scale is suggested in the tropics whereas intermediate depths
suggest a decrease in scale in the tropics followed by a peak to the south. Scales then
decrease again towards midlatitudes.Anomaly eld scale results 135
Figure 5.30: Zonal correlation scales of S() for varying depth levels in the Pacic.
The red lines represent a smoothed t to the individual scales and the thin black lines
indicate +/- one standard deviation from this line. Thick, coloured lines indicate the
average scales for latitude bands of 20.136 Anomaly eld scale results
As for the S(z) scales Figure 5.31 shows the average scales calculated for three layers in
the basin: surface, intermediate and deep. Once again the 20 latitude band averages
for individual depth levels are overlaid on the plots. Both the surface and deep layers
indicate little variation in scale with latitude and potentially a scale of 400km could be
used for all latitudes in both these layers. However, the intermediate layer demonstrates
more of a change in scale with latitude, varying from up to 650km in the north down to
just 150km in the south.
5.4.1.2 Meridional scales
Tables 5.5 and 5.6 and Figures 5.32 and 5.33 show meridional scale estimates for twelve
boxes in the Pacic basin on potential temperature surfaces. In general the surface layer
appears to be the most variable with scales in the tropical region alone varying from
150km to 800km. The results appear to suggest that scales are shortening to the east
in this layer and this is reected on the three individual surfaces included in this layer
(100, 200 and 300m). The intermediate and deep layers display less variability and a
smaller range in scale from east to west. However, all layers indicate an increase in scale
from south to north with the northern subtropical boxes (Boxes 1 to 3) displaying the
largest scales and the southern subtropical boxes (Boxes 9 to 12) generally displaying
smaller scales.
5.4.1.3 Summary
Zonal scales of S() in the Pacic are centred around 400km with a large range. Scales
appear to reduce in size with latitude from north to south and a peak that is seen in
the tropics towards the surface decreases with depth. Most variability is apparent in the
intermediate layer with a peak in the southern subtropics which decreases into the deep
layer. Surface layer meridional scales are highly variable shortening towards the east
like the scales of S(z). A general decrease in scale with latitude from north to south is
seen but deeper levels show less variability in scale than those above.Anomaly eld scale results 137
Figure 5.31: Zonal correlation scales of S() for 3 depth layers in the Pacic. The
black dots show the median scale for each 5 latitude band, the red line represents a
smoothed t to this data and the black lines indicate +/- one standard deviation from
this line. The coloured lines that overlay these plots are the 20 latitude band averages
for the individual surfaces in the layer.138 Anomaly eld scale results
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Figure 5.32: Meridional correlation scales (km) of anomaly eld S() for varying
depth levels in the Pacic Ocean. X indicates an undetermined scale.140 Anomaly eld scale results
Figure 5.33: Meridional correlation scales (km) of anomaly eld S() for 3 depth
layers in the Pacic Ocean. X indicates an undetermined scale.Anomaly eld scale results 141
5.4.2 Atlantic scales
5.4.2.1 Zonal scales
Plots of zonal correlation scales of salinity on potential temperature surfaces can be seen
in Figure 5.34 for all depths examined. As with previous plots of this type the average
scales for 20 latitude bands are overlaid. Generally a pattern of increasing scale from
north to south can be seen. Scales increase from around 500 to 600km in the north to
up to 1000km in the south. The 200 to 400m surfaces suggest a decrease in scale in the
northern subtropics, increasing again to the south. However, this may be misleading
and not a true representation of the scale pattern. Figure 5.35 is a larger view of the
400m zonal scale plot and the 20 bands used for the averages have been highlighted.
It becomes clear from this plot that the average for the 30N to 10N band and indeed
the smoothed t to scales in this band, is based on just one zonal scale, the scale for the
25 to 30N band. The other 5 latitude bands in this section did not produce reliable
scales. The 10 to 15 and 15 to 20 bands contained insucient data to calculate a
scale (n < 500) and the 20 to 25 band failed the F-test (F < 3:55).
A similar pattern is seen on the 200, 300 and 500m levels. Grouping the surfaces into
the three layers dened in a previous section (surface, intermediate and deep) could give
a more reliable insight into the pattern of zonal scale as more data is drawn in (see
Figure 5.36). However, because the drop in data in the 30 to 10N band occurs at
all depths in both the surface and intermediate layers, the dip in scale is still present
to some extent in both. If this minimum is overlooked a steadily increasing scale from
north to south could be applied in the surface layer and although there does appear to be
more variability in the intermediate layer this steady increase could also be a reasonable
solution here.
The scale pattern achieved in the deep layer is considered to be unreliable. Scales are
determined for less than half the 5 latitude bands on each of the surfaces from 1000 to
1600m. As a result the 30 to 10 band in both the northern and southern hemisphere
does not produce an average scale on any of the surfaces in this layer. The peaks and
troughs in this layer are due to just one or two scales pulling the smoothed t towards
them and therefore cannot be considered reliable.142 Anomaly eld scale results
Figure 5.34: Zonal correlation scales of S() for varying depth levels in the Atlantic.
The red lines represent a smoothed t to the individual scales and the thin black lines
indicate +/- one standard deviation from this line. Thick, coloured lines indicate the
average scales for latitude bands of 20.Anomaly eld scale results 143
Figure 5.35: Zonal correlation scales of S() for the 400m level in the Atlantic. The
horizontal black lines indicate the divisions of the 20 bands used to calculate the
averages. All other lines are as Figure 5.34.
5.4.2.2 Meridional scales
At most depths meridional S() scales in the Atlantic have a relatively small range.
From the plots in Figure 5.37 of meridional scale variation with latitude it can be seen
the general range in scale is 200 to 500km. A pattern that is clear on many depths,
below 200m, is a decrease in scale in the tropics accompanied by an increase and peak in
scale in the southern subtropics. This is most clear in deeper surfaces (1200 to 1600m).
The 100m surface also shows this peak but the minimum scale appears to the north of
the tropics. The 200m surface, conversely, displays a minimum scale south of the tropics
at 20 south.
As for the zonal S() scales in the Atlantic, there is also an issue with data availability
when estimating the meridional scales. Although meridional scales are calculated for 10
latitude bands there are still, in some areas, not enough observations on the required144 Anomaly eld scale results
Figure 5.36: Zonal correlation scales of S() for 3 depth layers in the Atlantic. The
black dots show the median scale for each 5 latitude band, the red line represents a
smoothed t to this data and the black lines indicate +/- one standard deviation from
this line. The coloured lines that overlay these plots are the 20 latitude band averages
for the individual surfaces in the layer.Anomaly eld scale results 145
Figure 5.37: Meridional correlation scales of S() for varying depth levels in the
Atlantic. The red lines represent a smoothed t to the individual scales and the thin
black lines indicate +/- one standard deviation from this line. Thick, coloured lines
indicate the average scales for latitude bands of 20.146 Anomaly eld scale results
Latitude () Calculated scale,  (km) Scale accepted? Reason
45 50 NO   50
35 100 YES -
25 1000 NO A < 
15 no scale NO n < 500(n = 166)
5 1000 NO A < 
-5 200 YES -
-15 250 NO F < 3:55
-25 250 NO A < 
-35 400 YES -
-45 50 NO   50
Table 5.7: Atlantic meridional scales of S() on the 1000m surface with reasons for
why some scales were not accepted.
-surface to produce a reliable scale. This could be due to temperature gradients in the
meridional direction. The 1000m surface suers the most with just three latitude bands
yielding reliable scales. The reasons for the rejection of the other seven scales can be
found in Table 5.7.
Figure 5.38 shows the scale plots for the three layers as described in previous sections.
Once again the 20 average scales for the individual depths involved have been included
in each plot. Although the variability in scale is only 200km or less, both the surface and
intermediate layers suggest a dip in scale around the Equator with an increase to the
north and a peak in scale to the south. This peak is less prominent in the intermediate
layer. As there are few points and the range is small, the standard deviation is low and
therefore, there is signicant disagreement between the layer averages and the individual
surfaces in the upper two layers. However, the deep layer shows good agreement as all
four surfaces involved yield the same scales at most latitudes. The scale minimum in the
tropics is most pronounced in this layer, as is the southern subtropical peak. However,
as previously mentioned, data availability and therefore the number of reliable scale
results is reduced in the deep ocean and so the reliability of this pattern is questionable.
5.4.2.3 Summary
Atlantic zonal scales of S() generally increase from north to south with scales in the
tropics reducing with depth into the intermediate layer and increasing below this. In
the deep layer availability of data is an issue and reduced data coverage at some latitudeAnomaly eld scale results 147
Figure 5.38: Meridional correlation scales of S() for 3 depth layers in the Atlantic.
The black dots show the median scale for each 5 latitude band, the red line represents
a smoothed t to this data and the black lines indicate +/- one standard deviation
from this line. The coloured lines that overlay these plots are the 20 latitude band
averages for the individual surfaces in the layer.148 Anomaly eld scale results
bands leads to increased uncertainty in scales. Meridional scales feature a minimum
in scale in the tropics which remains consistent with depth and a peak in scale that
is seen in the southern subtropics towards the surface that decreases with depth. In
the intermediate and deep layers a contrasting pattern to the zonal scales is seen with
meridional scales decreasing in size from north to south.
5.4.3 Comparison of Pacic and Atlantic S() scales
Figure 5.39 shows contour plots of zonal correlation scales of S() for both the Pacic
and Atlantic basins on axes of depth and latitude (like those in Figure 5.19 of S(z)
scales). For all depths between 50N and 30N the scales are similar between the basins.
But in the southern hemisphere clear dierences are observed with larger scales in the
Atlantic than in the Pacic at all depths. However, as discussed in a previous section,
the scales in the southern Atlantic ocean (certainly at deeper levels) may be based on
sparse data and therefore poorly determined.
Figure 5.40 shows comparison plots of the zonal correlation scale patterns of S() in the
Pacic (blue lines) and the Atlantic (red lines). The broken lines in these plots indicate
the error margins dened as 1 standard deviation of the scales estimated for individual
5 latitude bands from the smoothed t.
For a high proportion of the basins (particularly in the northern hemisphere) there
seems to be agreement, within the error bounds, of correlation scales of S(), as was
found with the scales of S(z). However, the Atlantic demonstrates a larger range of
scales with sizes greater than the Pacic, especially in the southern hemisphere. This
is most clearly seen in Figure 5.41 which shows plots of the zonal scales of 20 latitude
bands for each surface divided into three layers (surface, intermediate and deep). In
the surface and intermediate layers, scales in the northern hemisphere overlap greatly
showing no signicant dierence between basins. However, in the southern hemisphere
the two basins become quite distinct with scales in the Pacic shortening while scales
in the Atlantic lengthen to sizes of up to 1000km. It is unclear what is happening in
the deep layer due to the lack of reliable scale estimates in the Atlantic basin. However,
those that are present do suggest the same pattern with similar scales in the northern
and equatorial areas but a vast dierence in scale in the southern hemisphere.Anomaly eld scale results 149
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Figure 5.40: Comparison plots of the zonal scales of S() in the Atlantic (red) and
Pacic (blue) for varying depth levels.Anomaly eld scale results 151
Figure 5.41: Comparison plots of the 20 latitude band average zonal scales of S()
in the Atlantic (red) and Pacic (blue) for 3 depth layers. Each line is an individual
depth level within the layer.152 Anomaly eld scale results
Meridional scales of S() are hard to compare between basins as there is no longitudinal
variation accounted for in the Atlantic. The general pattern in the Pacic of larger
scales in the northern subtropics, shortening towards the Equator is reected in the
Atlantic Ocean. However, the Atlantic, as discussed, shows scales to increase again
in the southern subtropics, peaking around 20 to 30 South. The Pacic conversely
suggests that scales remain shorter in the southern boxes.
5.5 Comparison of S(z) and S() scales
5.5.1 Pacic Ocean
Figure 5.42 shows comparison plots of zonal scales estimated on depth (red lines) and
potential temperature (blue lines) surfaces for all depths in the Pacic. The broken lines
represent 1 standard deviation of individual 5 band scales from the line of best t for
each surface. Figure 5.43 shows the scales of S(z) and S() from Figure 5.42 presented
as contours on axes of depth and latitude.
At a glance, scales appear to be similar in size with just a few areas where there are
notable dierence. For example higher scales are observed for S(z) between depths of
100 to 400m from 50S to 40S. However, examining Figure 5.42 it is seen that notably
and contrary to expectations, there is little signicant dierence in scale size between
S(z) and S(). For the majority of the basin on all depths the scales are in agreement
within 1 standard deviation. There are a few sections where this does not hold true.
For example, on the 100m surface the scales when estimated on -surfaces peak between
30 and 40 North whereas zonal scales are at a minimum in this area when estimated
on the depth level. Conversely, on the 1200m surface a scale minimum is seen between
0 and 20 South for S() whereas this area demonstrates a peak in zonal scale for S(z).
These features are also clear in Figure 5.43.
This agreement between surfaces appears even clearer when the three layers (surface,
intermediate and deep) are considered. Figure 5.44 shows the best t to the median zonal
scales for each layer estimated for both S(z) and S(). In all three layers no signicant
dierence is seen between the two surfaces (z and ). The only sign of any dierence
is seen in Figure 5.45 which shows the 20 latitude band averages for each layer. BothAnomaly eld scale results 153
Figure 5.42: Comparison of zonal correlation scales calculated on depth (red) and
potential temperature (blue) surfaces for varying depths in the Pacic.154 Anomaly eld scale results
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the surface and deep layers show mixed zonal scales with no surface appearing to yield
consistently larger scales than the other. In the intermediate layer the majority of the
blue lines, indicating scales on the -surfaces, do lie to the right of the red lines (scales
of S(z)) suggesting at these depths, at this 20 resolution, scales of S() are larger than
S(z).
To further compare z and  levels, one latitude band on the 600m surface has been cho-
sen. This band (25 to 30 latitude) yields the same scale ( = 550km) when estimated
on both z and . Despite the scales being equal there are notable dierences between
the two surfaces. Figure 5.46 shows plots of the functions for S (Eq. 3.2) tted to
the median salinity dierences for 50km spatial separation bins on both the z-level and
corresponding -surface for that latitude band.
It is clear from Figure 5.46 that the observations (blue crosses) lie closer to the S
function (red line) on the -surface implying the function gives a tighter t to this data
than to the observations on z. This is reected in the values achieved for the F-ratio.
As described in Chapter 3, F is the ratio of the variance of the residuals (the distance
between the observations and the tted function) between (i) the tted S function
(Eq. 3.2) when the optimum values of scale () and intercept () are used and (ii) the
null function when  = A and there is no scale dened. The F-ratio calculated for the
-surface in Figure 5.46 is larger than that of the z-level. This is also the case for other
latitude bands on other depths. Figure 5.47 shows the F-ratios for all depths across
the whole basin. The blue lines representing F-ratios for S() indicate generally higher
values than for S(z), most clearly in the intermediate layer. This suggests that the
function developed here for S demonstrates a closer t to observations on -surfaces
in comparison to z-levels and therefore more accurately represents salinity dierences
for S().
A second feature to note in Figure 5.46 is the dierence in growth of S from the near
eld to the far eld. The plot of S(z) shows a steeper gradient in the curve of S with a
dierence of 0.01 between the near eld () and the far eld (A). The dierence between
 and A for S() is 0.006, almost half that of S(z) and the gradient of the curve is much
shallower. As a result, at the point where the spatial separation reaches the value of the
correlation scale (550km, shown by the dashed lines in Figure 5.46) the value of S has
only diered from that at zero separation () by 0.004. This is lower than the dierence156 Anomaly eld scale results
Figure 5.44: Comparison of zonal correlation scales calculated on depth (red) and
potential temperature (blue) surfaces for 3 depth layers in the Pacic.Anomaly eld scale results 157
Figure 5.45: Comparison plots of the 20 latitude band average zonal scales calculated
on both depth (red) and potential temperature (blue) surfaces for 3 depth levels in the
Pacic.158 Anomaly eld scale results
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Figure 5.47: Comparison of the F-ratio values calculated for depth levels (red) and
potential temperature surfaces (blue) in the Pacic for 3 depth layers.160 Anomaly eld scale results
in S at the same distance for S(z) (0.006). Therefore, despite the correlation scales
being equal, observations within this distance are more closely related on  than on z.
In general, S when calculated on z-levels is larger than when calculated on -surfaces
but there is variation in this with both latitude and depth. Figure 5.48 illustrates
the dierence between the intercept values () for both S(z) and S() and also the
dierence between the far eld values of S for S(z) and S(). These statistics have
been calculated for all latitude bands and all depths and divided into the three layers:
surface, intermediate and deep. It is clear in the surface layer that both  and A are
greater for S(z) than S(). 85% of the  dierences and 83% of the dierences in A
calculated in the surface layer are positive indicating that generally S is greater on
z-levels. However, there is some latitudinal structure to this with the largest dierences
in the subtropics and only small dierences between the two surfaces at the Equator
and mid-latitudes. The relationship in fact reverses in the north with both  and A
becoming larger on S(). This pattern is still visible in the intermediate layer but the
dierences between z and  are reduced. They reduce even further into the deep layer
where although a high porportion of the dierences calculated are positive (71% for 
and 72% for A) the actual values of these dierences between  and A for S(z) and S()
in the deep layer are substantially smaller than in the layers above.
This dierence between the surfaces can be explained by the movement of water masses.
As internal and transient waves pass through the ocean, water masses are moved up and
down in the water column. This means that properties such as salinity at any given
depth will change as the water masses are displaced. A potential temperature surface
on the other hand will move with the water mass and so properties on this surface will
show less change. Therefore, salinity anomalies and the variation of these anomalies will
be smaller along a potential temperature surface and the lower values of  and A found
for S() prove this.
The salinity of a water particle moved from one depth to another by the heaving of a
water mass is modied by a product of the change in depth and the salinity gradient
at the location of the particle (i.e. z  dS=dz). The vertical gradient of salinity is
smaller in the deep ocean and so, in the deep ocean, the heaving of water masses has
a lesser eect on the salinity of water particles on z levels. Therefore, the dierence inAnomaly eld scale results 161
S between z and  surfaces in the deep layer is signicantly reduced as seen in Figure
5.48.
Figure 5.48 also shows that the dierence between S on z and  surfaces, in both the
near eld and the far eld, peaks in the north and south subtropics (20 to 30 North
and South). These peaks coincide with the centre of the subtropical gyres. Figure 1.3
in Chapter 1 shows a cross section of salinity with latitude in the Pacic basin. The
strongest vertical salinity gradients are observed around the same latitudes (20 to 30
North and South) as the peaks seen in Figure 5.48, extending down to approximately
600m. So the salinity of a water particle on a depth level in this region will be greatly
aected by the heaving of water masses. The equatorial region has smaller gradients and
poleward of 35 latitude the high salinity values towards the surface are no longer present
and salinity gradients are considerably reduced. Below 600m salinity is seen to be more
uniform with latitude and depth and so the eect of heave on the water properties on
a z-level is reduced and hence the dierence between S on z and  surfaces is also
reduced.
These results indicate that although the correlation scales do not vary substantially be-
tween S() and S(z), salinity anomaly dierences (S) are proven to be much lower
on -surfaces especially in the surface layer. It would therefore be preferable to assim-
ilate salinity on potential temperature surfaces in the surface and intermediate layers
as observations would be closer in value to the data point being modied than if the
assimilation was carried out on a z-level. Below 1000m in the deep waters and even at
the Equator either surface would be reasonable for assimilation.
Comparing the layer averages for meridional scales on both depth and potential tem-
perature surfaces shows the northern subtropical boxes (Boxes 1 to 3) to yield a larger
scale when estimating on -surfaces in both the surface and intermediate layers. The
southern subtropical boxes on the other hand (Boxes 9 to 12) indicate larger scales on
depth levels in these two layers. The deep layer shows much smaller dierences between
the surfaces over the whole basin with scales varying in general by just 50 to 150km.
The tropical boxes (Boxes 5 to 8) on all levels also show agreement between both the
z and -surfaces. It would therefore be reasonable to use the same scale for both S(z)
and S() in the deep layer and also the same scale for both S(z) and S() in the tropics
in all layers.162 Anomaly eld scale results
Figure 5.48: Plots displaying the dierence between S on z and  surfaces in the
near eld (left hand side) and in the far eld (right hand side) for all depth levels
divided into 3 depth layers. Positive values indicate that S is smaller for S().Anomaly eld scale results 163
5.5.2 Atlantic Ocean
As in Figure 5.42, Figure 5.49 shows comparison plots of zonal correlation scales esti-
mated on depth levels and potential temperature surfaces for all depths, this time for
the Atlantic Ocean. The solid lines show the best t to zonal scales for 5 latitude bands
for both surfaces. The broken lines indicate 1 standard deviation of scales from this
t. Figure 5.50 depicts these scales as contours on axes of depth and latitude. clear
dierences in scale are seen in the southern hemisphere with larger scales calculated on
-surfaces. There are also notable dierences in scales between 10N and 30N below a
depth of 600m, with scales peaking at 900 to 1000km on  surfaces compared to scales
smaller than 400m on z levels. However, as previously discussed, data is found to be
sparse on the deep  surfaces and so these scales are not as well determined as those
calculated on z levels.
Examining the plots with error bounds in Figure 5.49 it is seen that on the upper surfaces
(100 to 400m) there is considerable agreement between scales on depth and potential
temperature surfaces from 50N down to 10S. This is also clear in plots of the surface
and intermediate layers (Figure 5.51). Below 10S the potential temperature surfaces
appear to yield larger scales diering in some cases from depth levels by up to 500km.
The deep layer displays disagreement in zonal scales across much of the basin. However,
examining the averages for larger bands (20 latitude) seen in Figure 5.52, it becomes
clear that data on -surfaces at these depths (1000 to 1600m) becomes sparse and the
estimate of scale pattern is based upon just a few bands for which a reliable scale is
calculated.
Figures 5.53 and 5.54 are similar to Figures 5.49 and 5.50 respectively, but this time
illustrating the comparison of meridional scales on both z and -surfaces for all depths.
Substantial dierences are seen between the two surfaces. For example at 500m, south
of the Equator, scales of S(z) are notably larger than those of S(). Conversely, in the
southern subtropics on deep levels, scales of S() are larger. The high S() scale values
in the north at 800m are poorly determined as there is insucient data north of 30N
to produce a good estimate.
Figure 5.55 depicts the averages of the scales for the three layers (surface, intermediate
and deep). Although the scales of S(z) and S() in the surface and intermediate layers are
close in value, clear dierences in the pattern of scale with latitude is seen. For example,164 Anomaly eld scale results
Figure 5.49: Comparison of zonal correlation scales calculated on depth (red) and
potential temperature (blue) surfaces for varying depths in the Atlantic.Anomaly eld scale results 165
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Figure 5.51: Comparison of zonal correlation scales calculated on depth (red) and
potential temperature (blue) surfaces for 3 depth layers in the Atlantic.Anomaly eld scale results 167
Figure 5.52: Comparison plots of the 20 latitude band average zonal scales calculated
on both depth (red) and potential temperature (blue) surfaces for 3 depth levels in the
Atlantic.168 Anomaly eld scale results
there is a slight peak in scales of S(z) in the tropics in the surface layer whereas scales
of S() are at a minimum in this location. Similarly, in the intermediate layer scales of
S(z) show an increase with latitude from north to south whilst scales of S() are shorter
in the south than the north. The greatest dierence between the two surfaces is seen in
the deep layer. Here, the scales of S(z) show a slight increase towards the tropics in the
northern hemisphere while in the south scales are almost uniform. Scales of S() show
more variation with latitude. Figure 5.56 illustrates the 20 averages for each individual
surface grouped into their appropriate layers. It is clear from this plot that in the deep
layer, although the average shows scales of S(z) to be almost uniform in the south, the
individual surfaces show greater variability between depths. In contrast, the scales of
S() are the same for each of the four depths in this layer and so the average of these
retains the variability with latitude of the individual surfaces.Anomaly eld scale results 169
Figure 5.53: Comparison of meridional correlation scales calculated on depth (red)
and potential temperature (blue) surfaces for varying depths in the Atlantic.170 Anomaly eld scale results
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Figure 5.55: Comparison of meridional correlation scales calculated on depth (red)
and potential temperature (blue) surfaces for 3 depth layers in the Atlantic.172 Anomaly eld scale results
Figure 5.56: Comparison plots of the 20 latitude band average meridional scales
calculated on both depth (red) and potential temperature (blue) surfaces for 3 depth
levels in the Atlantic.Anomaly eld scale results 173
5.6 Comparison of anomaly and mean eld scales on depth
and theta surfaces
Figure 5.57 shows comparison plots of mean eld and anomaly eld zonal scales of S(z)
for all depths. As expected the mean eld scales (blue) are, at all depths, larger than
the anomaly eld scales (red). The mean eld scales also demonstrate a larger range in
scales over the basin, varying by almost 1000km in some cases. The patterns in scale
with latitude display more variability and less structure in the mean eld. It is a similar
story for the zonal scales of S() with the dierence in scale between mean eld and
anomaly eld being even larger at most depths (Figure 5.58).
The same is also seen in the meridional scales. Mean eld meridional scales for both
S() and S(z) are considerably larger than the anomaly eld scales. Tables 5.8 and 5.9
show the dierences in meridional scale (for S(z) and S() respectively) between the
mean and anomaly elds.
Although the scales of the mean eld are larger than for the anomaly eld, they are
not as reliable. As discussed in Chapter 4, it is found that the scales of the mean eld
are highly dependent on the size of the area being examined and the presence of fronts
within the area. The regions used here show signs of a two-scale pattern in the data, a
smaller scale and a larger scale. Here it is the larger scales in general that have been
shown as these scales give a function that best describes the region as a whole. The
smaller scales, or scales achieved if the areas for which the scales have been assigned
were reduced in size, may be closer to the scales calculated for the anomaly data.174 Anomaly eld scale results
Figure 5.57: Comparison of mean eld (blue) and anomaly eld (red) zonal correlation
scales of S(z) calculated on various depth levels in the Pacic.Anomaly eld scale results 175
Figure 5.58: Comparison of mean eld (blue) and anomaly eld (red) zonal correlation
scales of S() calculated on various depth levels in the Pacic.176 Anomaly eld scale results
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5.7 Summary
In this chapter results of correlation scale calculation of anomaly eld salinity have
shown scales of both S(z) and S() to be anisotropic and shorter than scales of mean
eld salinity. Scales of S(z) do not dier greatly between the Pacic and the Atlantic
but scales calculated on -surfaces are generally found to be larger in the Atlantic than
the Pacic, particularly in the southern hemisphere. Correlation scales on both z and 
surfaces display substantial variability with latitude and depth. The dominating feature
of this is a peak in scale in the tropics in the surface layer which decreases with depth
into the intermediate layer and increases again below this. This pattern is common to
both the Pacic and Atlantic.
A comparison of scales of S(z) and S() show that in the Pacic Ocean zonal scales
exhibit little notable dierence between the results of scale calculations carried out on
z and  surfaces. Despite this, salinity dierences calculated for pairs of observations
on a  surface yield a lower far eld value of S and so there is a greater relation
between observations on this surface in comparison with those on z-levels. A greater
dierence between scales of S(z) and S() is noted in the meridional direction in the
Pacic with scales on -surfaces being larger than those on z-levels. In general results
indicate that scales of S() in the Atlantic are larger than those of S(z) in both the zonal
and meridional directions.
In the following chapter the results of this and the preceding chapter are summarised
and used to answer the key questions posed in the introduction of this thesis. These
ndings are compared with previous studies and in light of the results, recommendations
are made for their use in assimilation models.Chapter 6
Conclusions
6.1 Introduction
The motivation for this thesis is the desire of collaborators at The University of Read-
ing to improve the assimilation method used in an ocean climate model. Currently the
correlation scales used in their method are latitude dependent but constant with lon-
gitude and depth (a partial implementation of scales from Carton et al. (2000)). Past
studies indicate variability of scales with region and depth and possible benets to the
assimilation of observations on potential temperature surfaces. This thesis provides the
comprehensive study of correlation scales required by the collaborators to determine the
most appropriate scales to use for assimilation.
Previous studies of ocean correlation scales have been concerned, for the most part,
with the scales of temperature data on depths levels. These past studies were limited by
the observations available. The use of mostly XBT data meant that observations were
restricted to ship routes and so were not systematically global and were biased towards
the northern hemisphere. The depth range of the XBTs also meant most studies were
restricted to depths of less than 500m. The growth of the Argo oat network has resulted
in a vast number of proles across all ocean basins reaching depths of up to 2000m. This
has enabled the examination of correlation scales at much greater depths than previously
explored.
In this thesis a new method is developed using a function for the dierence in salinity be-
tween pairs of observations (S) based on work by Boehme and Send (2005), to estimate
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zonal and meridional correlation scales of both mean eld and anomaly eld salinity.
The assimilation of salinity is important because of its use in calculating density elds
and determining ocean currents and transports. The improvement of the correlation
scales of salinity would be a great benet to assimilation models.
A method of establishing whether a scale is well determined is also described as this has
been lacking in past studies. Here an F-test is used to determine whether the observed
values of S could be suitably described by a straight line through the far eld values
(i.e  = A). If not, the function for S presented in this study is accepted as the best
t for the data and the scale estimated to provide that t is taken to be the optimum
correlation scale for the region.
This method of scale calculation is used to explore a number of questions: Are the mean
eld scales larger than the those of the anomaly eld? Are correlation scales isotropic
(equal zonal and meridional scales)? Is there variation in scale with latitude and depth?
Is there regional variation in scales? The method is designed to be used not just to
calculate scales on depth levels but also on potential temperature surfaces in order to
answer the question: Are correlation scales of S() larger than those of S(z)?
In this concluding chapter the results of this study are summarised and used to answer
the questions posed. In the penultimate section of this chapter (Section 6.7) recommen-
dations are made for the use of this method and the scales calculated, in assimilation
models and the Argo DMQC process. The nal section (Section 6.8) suggests future
directions for this study.
6.2 Are mean eld scales larger than anomaly eld scales?
Scales calculated using mean eld salinity data are expected to be larger than those
calculated for the anomaly eld. The Argo DMQC is a good example of how these two
dierent sets of data are used (Wong et al., 2003). The mean eld scales are used in the
rst pass of the data to resolve large-scale, basin wide features. A second pass is then
carried out using the residuals that result from the rst pass and this involves the use
of small scales (anomaly eld scales).Conclusions 181
The method used in this study results in correlation scales which agree with this. Scale
results presented in Chapters 4 and 5 show mean eld zonal and meridional scales for
both S(z) and S() in the Pacic (in this case only one ocean basin was examined) are
notably larger than correlation scales calculated using anomaly eld data.
However, the method presented here does not appear to be as robust in the calculation
of mean eld scales as anomaly scales. The scales achieved for mean eld data are highly
dependent on the size of the area examined. A two-scale pattern can be seen for larger
areas with a large scale tting the bulk of the data but the near eld is better tted
by a small scale and a lower value of A. It is suggested that this is due to the crossing
of fronts and entering areas with dierent water mass properties. The scales presented
here are believed to be the scales most representative of the whole region.
6.3 Are ocean correlation scales isotropic or anisotropic?
Studies carried out by White and Bernstein (1979), White et al. (1982) and Sprintall
and Meyers (1991) all showed that the dominant correlation scales of temperature on
depth levels in the Pacic Ocean are anisotropic (meridional scales are shorter than
zonal scales). In contrast to this Festa and Molinari (1992) demonstrated that in the
Atlantic scales of temperature anomalies on z-levels are isotropic (equal in latitude and
longitude).
Results presented in this thesis show correlation scales of both mean eld and anomaly
eld salinity to be anisotropic on depth and potential temperature surfaces. This is a
sensible conclusion to reach as in both ocean basins the variability of salinity and the
salinity gradients are larger in the meridional direction than the zonal direction. There-
fore, it is expected that the relationship between pairs of observations would deteriorate
sooner as their spatial separation increases in the meridional direction in comparison
with the zonal direction which displays a much smaller gradient.
6.4 Do correlation scales vary with latitude and depth?
Most previous studies agree in their theories for the dependence of ocean correlation
scales on latitude and also depth, certainly in the upper ocean, suggesting longer scales182 Conclusions
in the tropics and a decrease in the correlation scales with depth.
White and Bernstein (1979) found both zonal and meridional correlation scales to be
smaller at 200m than at the surface. However, it was suggested that this dependence is
region specic. To the east of the North Pacic, scales are more constant with depth due,
the authors suggested, to a reduction in baroclinic eddy activity in the region. Later
White et al. (1982) explored the dierence in scale between the tropics and subtropics in
the North Pacic and found scales in the tropics to be large and anisotropic compared
to smaller, isotropic scales in the subtropics. Sprintall and Meyers (1991) agreed with
this suggestion showing scales to decrease away from the Equator due to changes in
the equatorial currents associated with ENSO. They also nd the reduction in scale
with depth to extend down to the limit of their calculations (400m). Carton et al.
(2000) described a set of functions to calculate zonal and meridional correlation scales
of temperature anomalies. The functions allow the scales to vary with latitude and
depth (though there is no longitudinal dependence) with a peak at the Equator on near
surface levels that reduces with depth so that in deeper layers scale increase towards the
poles.
The results obtained in this study show some similarities with previous studies but a
greater range of depths are explored here and the latitude and depth dependence of scales
are examined in more detail. In general, mean eld scales of S(z) and S() demonstrate
an increase in scale between the surface and deep levels. However, a reduction in scale
is seen in most cases at intermediate depths. White and Bernstein (1979) suggested
that anomaly eld meridional scales of T(z) show dierences in scale pattern and depth
dependence between the west and east sides of the Pacic basin. In this thesis mean
eld meridional scales of S(z) and S() also demonstrate this regional variation in the
Pacic. Scales in the west show a greater reduction with depth between the surface
and intermediate layers, whereas the scales in the east do not have such a pronounced
change. This is most clearly seen in the tropics (Tables 4.2 and 4.4 present these scales).
The pattern of scales with latitude for the mean eld in the Pacic is dierent on z
and  surfaces. Scales of S(z) in both the zonal and meridional directions show almost
uniform scales in the surface layer and an increase in scale from north to south at deeper
levels. The scales of S(), in contrast, appear to decrease in size from north to south
(see Figures 4.5 and 4.11 for plots of the mean eld zonal scales with latitude).Conclusions 183
Scales of salinity anomalies on both depth and potential temperature surfaces show
dependence on latitude and depth in the Pacic and Atlantic basins. This pattern
varies between basins and surface property (z or ). In the Pacic basin zonal scales of
S(z) and S() display a small peak in the tropics which decreases with depth becoming
a minimum in the intermediate layer before increasing again to become more uniform
in the deep layer (Figures 5.1 and 5.31). Whereas the scales of S(z) are reasonably
similar in the north and south subtropics, -surface scales appear to decrease slightly
in size from north to south. Meridional scales of S() demonstrate a similar pattern in
the Pacic with shorter scales in the south subtropical boxes and larger in the north
subtropics (Table 5.6). As well as variation with latitude, meridional scales on both z
and -surfaces vary across the region between boxes particularly in the tropics. Close
examination of this region shows that this variation is real and caused by the positioning
of fronts and eddy activity.
Atlantic scales also show a slight peak in scale in the tropics on z-levels in both zonal
and meridional directions (Figures 5.15 and 5.17). Scales are highly variable with depth
but layer averages (surface, intermediate and deep) indicate that the dominant pattern
is of zonal scales reducing in size from north to south whereas meridional scales in the
intermediate and deep layers increase to the south. However, this change in meridional
scale with latitude is small. The scales in the tropics on deeper levels are highly variable
but sparse data make these scale variations somewhat unreliable. Scales in the deep
layer show larger scales in the tropics than those at shallower depths but midlatitude
scales remain similar. Zonal scales of S() in the Atlantic show an opposite pattern to
those of S(z) (Figure 5.36), with scales increasing towards the south with a dip in scale
present in the surface and intermediate layers in the northern subtropics. How robust
this pattern is, is uncertain as there is only a small number of latitude bands that
contribute to this reduction in scale. A steady increase in scale from north to south may
be more appropriate. Scales in the tropics do show a shortening with depth but below
1000m data becomes sparse over most of the region and scale estimates are unreliable.
Meridional scales of S() (Figure 5.38) decrease from the north towards the tropics and
peak in the southern subtropics. This is seen at all depths but is most prominent in
the deep layer. Scales in the tropics appear to shorten with depth whereas scales in the
subtropics shorten in the intermediate layer but increase again in the deep layer.184 Conclusions
6.5 Do correlation scales exhibit regional dierences?
The study carried out by Carton et al. (2000) accounts for both depth and latitude
dependence in the calculation of the correlation scales but a dependence upon longitude
is not included. The same set of equations (Equations 1.1 and 1.2 presented in Chapter
1) were proposed for use in all ocean basins. This suggested that a point in the Pacic, for
example 20 latitude, will have the same scale as a point at 20 latitude in the Atlantic.
This is the case for both zonal and meridional scales. However, other studies suggested
that, whereas scales in the Pacic are anisotropic (White and Bernstein, 1979; White
et al., 1982; Sprintall and Meyers, 1991), scales in the Atlantic ocean are isotropic (Festa
and Molinari, 1992) and therefore the size of the correlation scales are also expected to
dier. White and Bernstein (1979) recognised regional variation in scales within the
Pacic. They suggested that the depth dependence of correlation scales diers between
the east and west of the North Pacic with scales in the west displaying a strong depth
dependence whereas in the east scales are constant with depth. The explanation given
for this was the strong mesoscale baroclinic structure and eddy activity in the west which
causes strong variation in the depth of the thermocline. Festa and Molinari (1992) found
a similar scale pattern in the Atlantic as White and Bernstein (1979)'s western region
implying, that most of the tropical and subtropical Atlantic is dominated by short eddy
scales.
Results in this study indicate that in the surface and deep layers of the basins the zonal
correlation scales of S(z) do not dier substantially between the Pacic and the Atlantic.
Scale values and indeed the scale patterns are similar. This is perhaps unsurprising as
the general circulation structure is the same in both oceans (see Chapter 1). However,
intermediate surfaces (400 to 800m) suggest scales in the Atlantic to be larger than
those in the Pacic particularly in the tropics (see Figures 5.18 and 5.22). The zonal
scales of S() (Figure 5.40) show a greater dierence between basins. On most depths
the northern subtropics show agreement in scale but the scale pattern varies between
the two basins with a decrease in scale to the south in the Pacic and an increase in
scale in the Atlantic.
The comparison of meridional scales is not as clear as there is no longitudinal variation
accounted for in the Atlantic. Scales of S(z) do appear more constant in both latitude
and depth in the Atlantic. Whilst S() scales generally follow the same scale pattern withConclusions 185
latitude in both basins (large scales in the north shortening towards the Equator), the
peak in meridional scales of S() that is seen in the southern subtropics in the Atlantic
is not reected in the Pacic with scales remaining short in the southern subtropical
boxes of the Pacic.
6.6 Are correlation scales of S() larger than those of S(z)?
Haines et al. (2006) demonstrated through use of observed and modeled data that the
horizontal spatial covariance of mean eld S(T) often has larger scales than mean eld
S(z). This is highly benecial to the assimilation of data as it gives a greater number
of observations a higher weighting leading to an improvement in the assimilation where
observations are sparse. A detailed study of these scales and their variation with region
or depth was not carried out and although in a later study by Smith and Haines (2009)
a method for the assimilation of S(T) was developed, the same scales are used on both
depth and temperature surfaces. In this thesis the comparison of correlation scales of
S(z) and S() has been more thoroughly explored.
It is clear from the exploration of mean eld zonal and meridional correlation scales
(see Figures 4.21 and 4.23) in the Pacic, that scales of mean eld salinity are larger on
potential temperature surfaces than on depth levels. For the anomaly eld the dierences
between the two surfaces are not as clear.
In the Pacic, zonal scales of salinity anomalies calculated on z and  surfaces are similar
(see Figures 5.42 and 5.44). Only in a small number of latitude bands on some depth
levels do they vary considerably but in these cases the surface yielding the largest scale
varies. With just a few exceptions correlation scales are close in size between the two
surfaces and their pattern with latitude is similar.
Although the scales of S(z) and S() do not dier substantially in the Pacic a closer
look at the data indicates that the assimilation of data on -surfaces is still preferable.
It is not only the correlation scales that are important for data assimilation but also the
value of S in both the near eld and the far eld and the dierence between them.
Even in latitude bands where the scale of S(z) equals that of S() there is a closer
relationship between the observations within this distance on a -surface (see Figure
5.46 for an example of this). For example, if the correlation scale () is 550km then186 Conclusions
observations of S() with a spatial separation of 550km will be closer in value than those
of S(z) separated by the same distance. This is explored further by the examination of
the near eld () and far eld (A) values (Figure 5.48) which shows, in almost all cases,
 and A to be larger on z than . This once again indicates that although the scales may
be similar the observations are more closely related on -surfaces. Therefore, a higher
weighting can be applied to observations at the distance  if assimilating on -surfaces
than if the assimilation is carried out on z-levels.
The results of this study show that this dierence between the z and  surface values
of S varies with latitude and depth. Largest dierences in  and A are found in the
subtropics in the surface layer. In the tropics, where the correlation scales tend to peak,
the dierence in S between z and  surfaces reduces. The dierences in S reduce
with depth but in the intermediate layer the pronounced dierences at the subtropics
are still seen. In the deep layer  and A are almost equal for z and  surfaces.
The reason for this structure with depth and latitude is attributed to the heaving of water
masses and changes in the vertical salinity gradient. The change in salinity of a water
particle as it is moved by the heave of a water mass is determined by its change in depth
and the salinity gradient at its location (z dS=dz). Where vertical salinity gradients
are greatest the properties on z-levels are modied the most when there is heaving of a
water mass. This heaving has less eect on properties on -surfaces as the salinity moves
with the water mass. Properties on z-levels in the surface and intermediate layers are
most aected by this heaving of water masses as the vertical gradients of salinity are
greatest in the upper ocean. As salinity becomes more uniform with depth the salinity
gradients become weaker. In turn, the eect of heave on the modication of a water
particle's salinity reduces and observations on z-levels in the deep ocean become less
variable.
Meridional scales in the Pacic for the three layers (Tables 5.2 and 5.6) show there to be
a more substantial variation in scale between z and  surfaces in this direction. In the
surface and intermediate layers scales are clearly larger on -surfaces in the northern sub-
tropics whilst the southern subtropical scales appear to be larger on z-levels. However,
the reliability of the comparisons in these areas of the Pacic may be questionable due to
the change in depth of the -surfaces examined. The boxes used in the subtropics, where
there are strong gradients in temperature with depth in the meridional direction, spanConclusions 187
30 of latitude. This may mean the average  value selected for a particular depth is not
truly representative of that depth across the whole box and therefore, the comparison
with the corresponding z-level may not be wholly accurate. In the tropics and in the
deep layer, temperature gradients with depth are smaller and so the comparisons here
are considered to be more reliable. Here the correlation scales show smaller dierences
between the z and  surfaces. It would, therefore, be reasonable to use the same set of
meridional scales for S(z) and S() assimilation in tropical boxes and all boxes in the
deep layer.
In contrast to the Pacic, both the zonal and meridional scales in the Atlantic do dier
noticeably when calculated on z and -surfaces. Although in the surface and intermedi-
ate layers zonal scales display close agreement between the two surfaces in the northern
hemisphere. South of 10S, scales of S() become substantially larger than scales of S(z)
(see Figure 5.51). In the deep layer, dierences between z and  surface scales become
more apparent but the data also become more sparse and so the reliability of the scales,
particularly those of S(), is reduced.
Meridional scales (see Figure 5.56) also show marked dierences between z and  surfaces
in the Atlantic. The scales only dier in value in some bands by 100km but the patterns
of scale with latitude dier notably between the two surfaces. For example the peak
in the tropics seen in the surface layer on z is not apparent on the  surface, in fact a
minimum in scale is found here for S().
In general, on most surfaces where scales dier between z and  surfaces the scales of
S() tend to be larger than those of S(z). Where the correlation scales are the same for
both z and ,  surfaces exhibit lower values of S than z-levels, even in the far eld.
Therefore -surfaces are more benecial to assimilation models.
6.7 Recommendations for the use of correlation scales
This investigation has proved the estimation and assessment of correlation scales of
salinity to be complicated due to issues with data coverage and the presence of fronts.
Results show correlation scales of S() and S(z) to be highly variable with latitude and
depth and also indicate dierences between basins. To satisfy the requirements of the
collaborators a viable set of scales is needed to represent the major patterns in the188 Conclusions
correlation scales. Therefore, in light of the conclusions summarised in this chapter, this
section outlines the recommended correlation scales for the assimilation of salinity data
in the Pacic and Atlantic Oceans. Suggestions are also made as to where it is benecial
to assimilate on -surfaces rather than z-levels.
Results indicate that scales in the Pacic and Atlantic dier substantially and therefore,
a dierent set of scales are suggested for each basin. Scales in both basins have proved
to be anisotropic and so separate meridional and zonal scales are provided. A notable
dependence in scale with depth has been observed, most prominently in the tropics.
Therefore, this needs to be reected in the recommended correlation scales. However,
dierences in scale size observed between the individual surfaces explored (e.g. 100m,
200m etc.) are unlikely to be genuine dierences. For example, it is hard to believe that
the correlation scale of salinity anomaly would decrease by 300km over 100m only to
then increase by 200km in the next 100m of depth. The layer averages calculated for the
surface, intermediate and deep layers in the two basins are reasonable representations
of the combined surfaces. Therefore, in each basin scales are assigned for three depths:
200m, 600m and 1300m. In a similar manner, the variability of scales with latitude
seen for 5 latitude band scales is not a considered to be a reliable representation of
the basin as it may be aected greatly by just one or two poorly determined scales. It
is, therefore, more appropriate to use a simplied scale structure: 5 scales are assigned
to the basin at latitudes 50N, 20N, 0, 20S and 50S. For ease in the coding of the
assimilation model, the scale structure is kept as simple as possible whilst still repre-
senting key scale features. This means, where possible, one scale is used for the whole
latitude and depth range, but where substantial changes in scale are found, the scale is
increased or decreased so the pattern is altered to reect the appropriate structure.
Given scales for 5 latitudes and 3 depths, scales can be determined for locations lying
between these points. This is done by carrying out a linear interpolation between the
four surrounding scales (2 depth and 2 latitude) comparable to the interpolation scheme
described in Chapter 3 (Equation 3.3) for interpolating WOA05 data onto an observation
location.
The following subsections present the recommended correlation scales for the mean and
anomaly elds in the Pacic and the anomaly eld in the Atlantic. Scales are determined
by evaluation of the median scales for each layer along with the individual surface scalesConclusions 189
to ensure the appropriate, most representative scales of the layer as a whole are allocated
and ensures they are not biased towards any particular surface or aected by clearly
anomalous values.
6.7.1 Pacic scales
6.7.1.1 Mean eld scales
Examination of the mean eld salinity correlation scales in the Pacic shows scales of
S() to be notably larger than those of S(z). Therefore, presented here are two sets of
zonal and meridional scales, one for the use of mapping salinity on depth levels and one
set for use on  surfaces.
Table 6.1 presents the zonal correlation scales for S(z) and Figure 6.1 shows these scales
plotted onto the average scale pattern for each layer. In the surface layer, scales are
centred around 1700km so, where possible, this scale is used and adjustments made
where the pattern in the average layer (and individual surfaces) clearly deviates from
this. Scales in the intermediate and deep layers are slightly larger, centred around
1800km with deviations in midlatitudes in the intermediate layer and a clear minimum
in scale at the tropics in the deep layer.
Latitude () z  200m z = 600m z  1300m
50 1500 1500 1800
20 1700 1800 1800
0 1700 1800 1500
-20 1700 2000 1800
-50 1700 2000 1800
Table 6.1: Recommended zonal correlation scales for mapping mean eld S(z) in the
Pacic Ocean.
Table 6.2 presents the suggested meridional scales for the Pacic on z-levels. As with
the zonal scales, where possible one scale is used to represent a whole region with ad-
justments made in boxes that show substantial deviations from this scale. Notable
variability is seen in the east-west direction in most layers and this is reected in the
recommended scales. In the surface for example, although most of the basin can be
described by a uniform scale of 1250m, scales in the most eastern box of the tropics
(Box 8) demonstrates shorter scales on two of the three individual depths in this layer190 Conclusions
Figure 6.1: Recommended zonal correlation scales for mapping mean eld S(z) in the
Pacic Ocean displayed over plots of median zonal scale for surface, intermediate and
deep layers.Conclusions 191
Box z  200m z = 600m z  1300m
1 1250 450 300
2 1250 450 300
3 1250 1100 1200
4 X X X
5 1250 700 600
6 1250 700 1000
7 1250 1000 1000
8 900 1000 1000
9 1250 400 800
10 1250 400 1200
11 1250 1300 1400
12 1250 1300 1400
Table 6.2: Recommended meridional correlation scales for mapping mean eld S(z)
and in the Pacic Ocean. X indicates an undetermined scale.
(200 and 300m, see Table 4.1 in Chapter 4). This is also the same box that consistently
produces shorter anomaly scales in the surface layer and this is found to be caused by
the increased separation of fronts in this area. In contrast, the intermediate and deep
layers suggest increasing scales from west to east across the whole basin with shorter
scales found in the western half of the basin. These recommended scales also illustrate
the key changes in scale with depth. In general scales are shown to decrease into the
intermediate layer and then increase below this into the deep layer.
Table 6.3 and Figure 6.2 present the recommended zonal scales for mapping mean eld
salinity on -surfaces in the Pacic. Larger than the scales of S(z), at all depths these
scales are centred around 2000km. The key features captured here are a peak in the
northern subtropical scale in the surface layer and a dip in scale at the tropics. This
peak in the northern subtropics is reduced in the intermediate layer and scales in the
tropics increase to make scales uniform in the tropics and subtropics with deviations
only at midlatitudes. In the deepest layer the tropical scales are larger again creating a
peak and scales in the northern subtropics continue to decrease to a minimum in scale
at 20N.
Table 6.4 presents the recommended meridional scales of S() for the Pacic basin. Once
again, where possible, a uniform scale is used for large areas. Scales of S() are seen
to generally decrease in size from north to south and this change is represented by the
recommended scales. In the northern subtropics scales are at their largest but these
scales are also quite poorly determined due to the `two scale' issue discussed in Chapter192 Conclusions
Figure 6.2: Recommended zonal correlation scales for mapping mean eld S() in the
Pacic Ocean displayed over plots of median zonal scale for surface, intermediate and
deep layers.Conclusions 193
Latitude () z  200m z = 600m z  1300m
50 2000 2500 2500
20 2500 2200 2000
0 2000 2200 2500
-20 2000 2200 2000
-50 2300 2000 1500
Table 6.3: Recommended zonal correlation scales for mapping mean eld S() in the
Pacic Ocean.
Box z  200m z = 600m z  1300m
1 1500 1500 1400
2 1500 1500 1400
3 1500 1500 1400
4 X X X
5 1300 550 1000
6 1300 1150 1000
7 900 1150 1000
8 900 1150 1000
9 1100 800 1000
10 1100 800 1000
11 1100 800 1000
12 1100 1200 1000
Table 6.4: Recommended meridional correlation scales for mapping mean eld S()
and in the Pacic Ocean. X indicates an undetermined scale.
4. Like the scales of S(z), meridional scales of S() show a marked decrease at the eastern
side of the tropical band. However, in the intermediate layer the opposite is true, scales
are smaller at the western side of the basin in both the tropics and southern subtropics.
The deep layer in this case can be described reasonably by a uniform scale of 1000km
across the whole basin, south of 20N. In the northern subtropics, scales are almost
constant with depth whereas the southern subtropics indicate a decrease in scale down
to intermediate depths and then an increase at deeper levels. The depth dependence in
the tropics diers between the east and the west. In the west the scales follow the same
pattern as the southern subtropics but in the east the opposite is found, scales increase
with depth into the intermediate layer and decrease below this into the deep layer.194 Conclusions
6.7.1.2 Anomaly eld scales
Results of zonal correlation scales of salinity anomaly in the Pacic show there to be no
substantial dierence between scales calculated on -surfaces and those calculated on z-
levels. Therefore, here it is proposed that one set of scales is used for both scales of S(z)
and S(). Table 6.5 presents the recommended zonal scales for the Pacic and Figure
6.3 shows these scales plotted over the average 5 latitude band scales for each of the 3
depths layers to give an idea of the patterns of scales with latitude being represented.
Latitude () z  200m z = 600m z  1300m
50 500 500 500
20 200 400 400
0 400 200 400
-20 400 400 400
-50 400 200 400
Table 6.5: Recommended zonal correlation scales for assimilating anomaly eld S(z)
and S() in the Pacic Ocean.
In all depth layers a scale of 400km could be used for the majority of the Pacic basin.
Only where there are clear deviations from this scale in the individual surfaces of S(z)
and S() are the scales allowed to vary from this value. In the surface layer the two
northernmost scales are adjusted to show the dip in scale in the northern subtropics.
The intermediate scales are assigned to show a clear reduction in scale in the tropics and
southern midlatitudes. In the deep layer a uniform scale of 400km is appropriate across
almost the whole basin with the exception of the northern midlatitudes where the scale
increases to a slightly larger scale. This highlights that, like the scales estimated by
Carton et al. (2000) scales at 50N and 50S vary very little with depth in contrast to
those at lower latitudes. The 400km scale which represents most of the basin is similar
to the zonal scale of 4 longitude used for Argo DMQC. However, whereas that scale is
used uniformly across the whole basin in the DMQC process, this study shows this is
not appropriate as there are areas that demonstrate a deviation from that scale.
As previously discussed meridional scales of salinity anomaly demonstrate notable dif-
ferences between z and  surfaces in the Pacic. Therefore here two sets of scales are
presented one for S(z) (Table 6.6) and one for S() (Table 6.7). In determining appropri-
ate scales for the region average scales for the three layers and individual surfaces have
been examined to establish the most simple structure possible whilst still representingConclusions 195
Figure 6.3: Recommended zonal correlation scales for mapping anomaly eld S(z)
and S() in the Pacic Ocean. The plots in the column on the left show scales displayed
over plots of median zonal scales of S(z) for surface, intermediate and deep layers. The
column on the right shows the same scales displayed over plots of median zonal scales
of S() for the same 3 layers.196 Conclusions
key features. Again, when no substantial deviations can be justied, one scale is used
for a whole area.
Box z  200m z = 600m z  1300m
1 300 200 500
2 300 200 500
3 300 200 500
4 X X X
5 300 400 400
6 300 400 400
7 300 400 400
8 200 200 400
9 300 550 300
10 300 550 300
11 300 550 300
12 300 550 300
Table 6.6: Recommended meridional correlation scales for assimilating anomaly eld
S(z) and in the Pacic Ocean. X indicates an undetermined scale.
Box z  200m z = 600m z  1300m
1 600 600 500
2 600 600 500
3 600 600 500
4 X X X
5 300 400 400
6 300 400 400
7 300 400 400
8 200 200 400
9 200 550 300
10 200 550 300
11 200 550 300
12 200 550 300
Table 6.7: Recommended meridional correlation scales for assimilating anomaly eld
S() and in the Pacic Ocean. X indicates an undetermined scale.
Notable variability in both S(z) and S() scale in an East to West direction is only found
in the tropical region (Boxes 5 to 8, 20N to 20) in the surface and intermediate layers.
In this area the eastern most box (240 to 280) yields a consistently and substantially
lower scale than the other tropical boxes. This is due to the increased separation of fronts
in the region a full explanation of which can be found in Chapter 5, Section 5.2.1.2. In
the northern and southern subtropics, and the tropics in the deep layer, it is thought
reasonable to use the same scale for all boxes in that band. As mentioned in Section 6.6,
in the tropics and deep layer, the scales on -surfaces do not dier substantially fromConclusions 197
Figure 6.4: Recommended meridional correlation scales for assimilating anomaly eld
S(z) and S() in the Pacic Ocean. The plots in the column on the left show scales
displayed over layer average scales of S(z) for north-south bands in the surface, inter-
mediate and deep layers. The column on the right shows the same scales displayed over
layer average scales of S() for north-south bands in the the same 3 layers.198 Conclusions
those on z-levels and so the same scales have been assigned to these regions for both S(z)
and S(). In other regions there are clear changes in the structure of meridional scales
with latitude that need to be represented such as in the surface layer where correlation
scales of S(z) can be reasonably represented by a uniform scale of 300km, with the
exception of the eastern boxes which decrease in scale in the tropics. However, in the
same layer, correlation scales of S() show a clear decrease in size from 600km in the
north to 200km in the south and this needs to be represented in the chosen scales. Figure
6.4 shows the recommended scales of both S(z) and S() for all three layers in the Pacic
displayed over the layer average scales divided into north-south bands. The crosses and
solid lines represent the scales to be used over the majority of the basin with deviations
in the tropics shown by triangles and the broken lines where necessary. In assimilations
with these scales the user may use them as discrete scales, changing abruptly at the
appropriate boundaries, or a linear interpolation can be carried out between the points
as suggested by Figure 6.4. Despite the method chosen for the change of scale with
latitude, for changing scale with depth a linear interpolation between the surfaces given
here is recommended.
6.7.2 Atlantic Scales
In this study only correlation scales of salinity anomalies in the Atlantic are dened.
Results from all depths show scales of S() to dier substantially in large parts of the
basin from those of S(z). Therefore, in this section two sets of zonal and meridional
scales are presented, one for the assimilation of salinity on z-levels and another to be
used when assimilating salinity on -surfaces.
Table 6.8 and Figure 6.5 (left hand side) present the zonal scales recommended for use in
the Atlantic when assimilating S(z). As in the Pacic, scales are centred around 400km,
but in the Atlantic there are more deviations from this scale that are deemed important.
A clear peak in scale in the tropics is shown in the surface layer which reduces with depth
to the intermediate layer before increasing again to a larger scale in the deep layer. In
contrast the scale present in the surface layer at the northern subtropics increases with
depth down to the intermediate layer but reduces at deeper levels to form a clear scale
minimum. Like the scales estimated by Carton et al. (2000), in the Atlantic scales at
50N and 50S once again remain the same throughout the water column.Conclusions 199
Figure 6.5: Recommended zonal and meridional correlation scales for mapping
anomaly eld S(z) in the Atlantic Ocean. The plots in the column on the left show
zonal scales displayed over plots of median zonal scales for surface, intermediate and
deep layers. The column on the right shows the meridional scales displayed over plots
of median meridional scales for the same 3 layers.200 Conclusions
Latitude () z  200m z = 600m z  1300m
50 600 600 600
20 400 600 400
0 600 500 700
-20 400 500 600
-50 400 400 400
Table 6.8: Recommended zonal correlation scales for assimilating anomaly eld S(z)
in the Atlantic Ocean.
Latitude () z  200m z = 600m z  1300m
50 300 200 100
20 200 300 200
0 300 300 300
-20 100 400 300
-50 300 400 300
Table 6.9: Recommended meridional correlation scales for assimilating anomaly eld
S(z) in the Atlantic Ocean.
Meridional scales of S(z) prove to be shorter than the zonal scales in the Atlantic. Table
6.9 and Figure 6.5 (right hand side) present the scales recommended by this study. In
this case the scales are centred around 300km, so where possible this is taken to be
the preferred scale. Deviations from this scale to smaller scales in the subtropics of the
surface layer highlight the pattern of longer scales in the tropics. This peak in the tropics
remains consistent throughout the water column whilst surrounding scales adjust to give
the impression of scales increasing from north to south. In the deepest layer scales return
to the average 300km and remain uniform in the southern hemisphere.
The pattern of scales with latitude on -surfaces is quite dierent from that of scales on
z-levels. Table 6.10 and Figure 6.6 (left hand side) show the recommended zonal scales of
S(). Once again, scales at 50N and 50S remain constant throughout the water column.
However, in contrast to the zonal scales of S(z), scales of S() generally increase in size
from north to south and there is no single scale that suitably describes the majority of
the basin. A smaller scale in the surface layer at the northern subtropics increases in size
in the deep layer, whilst scales in the tropics show the recurring pattern of decreasing
scale with depth into the intermediate layer and then increasing again with depth below
this. In the deep layer the recommended scales show a uniform pattern across the
tropics from 20N to 20S. This may seem unusual as the layer average indicates a large
reduction in scale at 10S. However, examination of the individual surfaces and latitudeConclusions 201
Latitude () z  200m z = 600m z  1300m
50 600 600 600
20 400 400 800
0 600 400 800
-20 700 600 800
-50 900 900 900
Table 6.10: Recommended zonal correlation scales for assimilating anomaly eld S()
in the Atlantic Ocean.
bands show that this is a result of the scale calculation of just one latitude band and
there is a lack of data between 10S and 30S so it is not certain what the scales do
in this area. Therefore, there is not enough evidence to make the assumption that this
large reduction in scale size is genuine and so the scale is kept consistent with those to
the north of it.
Meridional scales of S() are presented in Table 6.11 and Figure 6.6 (right hand side). In
the surface and deep layers 400km is taken to be the common scale across the majority
of the basin and deviations are applied to this where appropriate. Scales at intermediate
levels are shorter and centre around a scale of 300km. Although scales across the basin
generally decrease with depth down to the intermediate layer and increase with depth
at deeper levels, the scale minimum apparent in the tropics is present throughout the
water column.
Latitude () z  200m z = 600m z  1300m
50 400 300 400
20 300 300 200
0 300 200 200
-20 400 300 400
-50 400 300 400
Table 6.11: Recommended meridional correlation scales for assimilating anomaly eld
S() in the Atlantic Ocean.
6.7.3 A note on the use of scales of S()
In this thesis it is shown that for most of the Atlantic, calculations of correlation scales
of salinity on -surfaces yield larger scales than on z-levels. This is also the case for
mean eld scales and anomaly eld meridional scales in the Pacic. However, anomaly202 Conclusions
Figure 6.6: Recommended zonal and meridional correlation scales for mapping
anomaly eld S() in the Atlantic Ocean. The plots in the column on the left show
zonal scales displayed over plots of median zonal scales for surface, intermediate and
deep layers. The column on the right shows the meridional scales displayed over plots
of median meridional scales for the same 3 layers.Conclusions 203
eld zonal scales of S() in the Pacic do not dier greatly from those of S(z) but closer
investigation shows there are still benets to assimilating on -surfaces.
Results from this study suggest that where scales are equal, the dierence in salinity
at that scale distance is smaller on a -surface than on a z-level (see Figure 5.46 for
an example of this) and therefore, this data bears a closer relation to the observation
or model point at the origin. This idea holds most true in regions and depths where
signicant vertical water mass movement occurs and the vertical salinity gradients are
large (for example in the surface layer and in the subtropics) as this is where properties
on z-levels will be most modied by the heaving of water masses (as discussed earlier in
this chapter). In the deep ocean vertical gradients of salinity are weaker, so properties
are less aected by the heaving of water masses and dierences in salinity observations
on z and  surfaces become more comparable in size.
In light of the ndings of this study it is suggested that it would be benecial to assimilate
salinity data on -surfaces in areas where scales of S() have proved to be larger than
those of S(z) (i.e. the Atlantic and when mapping mean eld salinity in the Pacic). In
the Pacic, where scales of S(z) and S() do not dier substantially it is suggested that
assimilation of salinity should be carried out on -surfaces in the surface and intermediate
layers due to the smaller values of S. In the deep ocean, either surface may be used.
6.8 Future work
The method developed in this study has yielded depth and latitude dependent and
regionally varying scales which can be implemented in data assimilation models. In
order to verify these scales and to assess their impact on data assimilation they could be
used within an assimilation model or in the Argo DMQC code. The output of the model
can then be compared with results obtained using depth independent scales such as those
used by Smith and Haines (2009) or uniform scales like those used in the Argo DMQC.
Additional comparisons of both sets of results with observations from Argo will allow
assessment of whether the scales recommended by this study lead to an improvement in
the data assimilation. While this assessment of the scales was meant to be carried out
as part of the initial collaboration with researchers at The University of Reading, time
constraints and stang changes did not allow for this during the period of the PhD.204 Conclusions
Further improvements could be made to the estimation of correlation scales in this
study. The increasing availability of Argo data and more specically, delayed mode
data, will reduce the uncertainty in the scale estimations. Increased coverage of data in
the Southern Ocean and the improvement of observations in the Arctic will allow the
examination of scales at higher latitudes as this study focused only on regions between
50N and 50S.
Finally another issue that arose during this study which aected the calculation of
correlation scales, particularly in the meridional direction, is the location of fronts. It
is seen during the calculation of the mean eld scales in the Pacic and accounted for
in the calculation of anomaly eld scales, that the presence of a strong salinity gradient
across a front greatly aects the estimation of correlation scales. A `two-scale' pattern is
observed in areas where a front is present and this can cause misleading scale estimates.
Observations compared on the same side of the front produce low S values and suggest
a small scale estimate. When comparisons of observations on opposite sides of the front
are included in the scale estimation process, a large far eld S value is produced and
leads to a larger correlation scale. In an assimilation model, where a front is present,
it would be preferable to use the small correlation scale to minimise the risk of giving
a high weighting to observations located on the other side of the front, in a dierent
water mass. However, the function used in this study for the estimation of scales, is
tted to the far eld values regardless of whether there is a change in water mass and so
tends to favour the larger scale. It would, therefore, be benecial to develop a method
for recognising the location of fronts within the scale estimation process. Observation
pairs used in the calculation could be restricted to the same side of the front so that the
gradient in salinity across it would have less of an eect.
These additional studies would conrm the idea that the correlation scales used in
the assimilation of salinity observations should be depth and latitude dependent and
regionally varying and would also conrm the benets of assimilating data on potential
temperature surfaces.Bibliography
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